Progress on germanium-tin nanoscale alloys by Doherty, Jessica et al.
UCC Library and UCC researchers have made this item openly available.
Please let us know how this has helped you. Thanks!
Title Progress on germanium-tin nanoscale alloys
Author(s) Doherty, Jessica; Biswas, Subhajit; Galluccio, Emmanuele; Broderick,
Christopher A.; Garcia-Gil, Adria; Duffy, Ray; O'Reilly, Eoin; Holmes,
Justin D.
Publication date 2020-04-24
Original citation Doherty, J., Biswas, S., Galluccio, E., Broderick, C. A., Garcia-Gil, A.,
Duffy, R., O'Reilly, E. and Holmes, J. D. (2020) 'Progress on
germanium-tin nanoscale alloys', Chemistry of Materials. doi:
10.1021/acs.chemmater.9b04136




Access to the full text of the published version may require a
subscription.
Rights © 2020, American Chemical Society. This document is the Accepted
Manuscript version of a Published Work that appeared in final form
in Chemistry of Materials after technical editing by the publisher.
To access the final edited and published work see
https://pubs.acs.org/doi/abs/10.1021/acs.chemmater.9b04136
Embargo information Access to this article is restricted until 12 months after publication by
request of the publisher.





Subscriber access provided by UNIV COLL CORK
is published by the American Chemical Society. 1155 Sixteenth Street N.W.,
Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the
course of their duties.
Review
Progress on Germanium-Tin Nanoscale Alloys
Jessica Doherty, Subhajit Biswas, Emmanuele Galluccio, Christopher A.
Broderick, Adria Garcia-Gil, Ray Duffy, Eoin O'Reilly, and Justin D. Holmes
Chem. Mater., Just Accepted Manuscript • DOI: 10.1021/acs.chemmater.9b04136 • Publication Date (Web): 24 Apr 2020
Downloaded from pubs.acs.org on May 1, 2020
Just Accepted
“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a service to the research community to expedite the dissemination
of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts appear in
full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been fully
peer reviewed, but should not be considered the official version of record. They are citable by the
Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered to authors. Therefore,
the “Just Accepted” Web site may not include all articles that will be published in the journal. After
a manuscript is technically edited and formatted, it will be removed from the “Just Accepted” Web
site and published as an ASAP article. Note that technical editing may introduce minor changes
to the manuscript text and/or graphics which could affect content, and all legal disclaimers and
ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors or
consequences arising from the use of information contained in these “Just Accepted” manuscripts.
1
Progress on Germanium-Tin Nanoscale 
Alloys 
Jessica Doherty1, Subhajit Biswas1*, Emmanuele Galluccio2, Christopher A. Broderick2, 
Adria Garcia-Gil1, Ray Duffy2, Eoin O’Reilly2 and Justin D. Holmes1
1School of Chemistry & Advanced Materials and Bioengineering Research (AMBER) Centre, 
University College Cork, Cork, T12 YN60, Ireland, 2Tyndall National Institute, University 
College Cork, Cork, Ireland.  
*To whom correspondence should be addressed: Tel: +353 (0)21 4905143; E-mail: 
s.biswas@ucc.ie (SB)
Page 1 of 81
































































Group IV alloys have attracted interest in the drive to create Si compatible, direct bandgap 
materials for implementation in complementary metal oxide semiconductor (CMOS) and 
beyond CMOS devices.  The lack of a direct bandgap in Si and Ge hinders their incorporation 
into optoelectronic and photonic devices, without the induction of undesirable strain.  Alloying 
of Ge with Sn represents a novel solution to the lack of light emission in group IV compounds, 
with an indirect-to-direct bandgap transition predicted for Ge at a Sn incorporation greater than 
6.5 at. %.  Recently, the initiatives on GeSn alloy research has turned its focus on nanoforms 
to keep track with the miniaturization of Si-related platforms for application in 
nano/optoelectronics, photonics and energy devices.  Here, we review recent advances in the 
growth and application of Ge1-xSnx nanomaterials.  An overview of theoretical band structure 
calculations for Ge1-xSnx and the effect of band-mixing is briefly explored to highlight the 
significance of Sn inclusion in Ge for band gap engineering.  Different fabrication methods for 
growing Ge1-xSnx alloy nanostructures are delineated and corelated with thin films growth. This 
highlight the requirement of low-temperature and kinetically-driven non-equilibrium processes 
for growing these metastable nanoscale alloys.  The optical and electrical properties for both 
Ge1-xSnx strain-relaxed one-dimensional (1D) nanostructures and nanoparticles are reported as 
well as recent  key research findings on Ge1-xSnx thin films, highlighting the potential 
application of these materials in photonic, nanoelectronic and optotelectronic devices.
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1. INTRODUCTION to Ge1-xSnx ALLOY
The race to create alternative, Si compatible, scalable, tuneable device materials over the past 
number of years has led to a focus on group IV elements.  Alloying group IV semiconductors, 
such as Ge or Si with group IV metals such as Sn and Pb, can lead to a direct bandgap 
semiconductor, as in III-V materials, but with the distinct advantage over III-Vs of being Si 
compatible.  A number of researchers have reported both theoretically and experimentally that 
a direct bandgap can be achieved in Ge by alloying the semiconductor with Sn,1,2 lowering the 
separation between the indirect (L) and direct (Γ) valleys (140 meV in bulk Ge) in the 
conduction band.3  A direct bandgap group IV semiconductor would be beneficial for efficient 
band-to-band tunnelling devices, such as a tunnelling field effect transistor (TFET),4,5 for lasing 
platforms6,7 and for the development of mid-IR photonic devices, such as waveguide amplifiers 
and multi-wavelength light sources.8  Figure 1(a) denotes the historical germanium-tin (Ge1-
xSnx) alloy benchmarks; as reported by Wirths et al 9; including the development in Ge1-xSnx 
nanostructures, 
There have been many reports in the literature on Ge1-xSnx thin films and their applications in 
electronics10, optoelectronics11,12 and photonics.7 However, due to the lattice mismatch 
between Ge and Sn, thin films often experience large amounts of strain.  Compressive strain 
shifts the energy gap to lower wavelengths, therefore, in order to achieve a direct bandgap, 
more Sn incorporation is necessary.13,14  This higher incorporation of Sn then becomes 
increasing difficult to achieve due to the low equilibrium solubility of Sn in Ge (< 1 at. %) and 
the tendency for Sn to segregate at high growth temperatures.15–17 Some solutions have been 
proposed to reduce strain incorporation in Ge1-xSnx films, such as introducing a Ge buffer 
layer6, or increasing the thickness of the Ge1-xSnx layer18,19.  A promising solution to overcome 
strain induced in Ge1-xSnx thin films is to move towards one dimensional (1D) Ge1-xSnx 
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nanostructures; a nanowire morphology allows for increased strain relaxation compared to thin 
films due to free sidewall facets.20  The move from Ge1-xSnx thin films to nanowires also 
reduces the Sn required to achieve a direct bandgap as the compressive strain is effectively 
relaxed.  Introduction of Sn into the Ge crystal to form Ge1-xSnx alloy nanoparticles also enables 
tunable bandgap in the near-infrared region through regulating their composition and size due 
to the quantum confinement effect. A further decrease in nanostructure size can also result in 
increased quantum effects, resulting in a blue shift of bandgap energies to visible region.
This review summarizes recent developments in the growth and characterization of Ge1-xSnx 
nanostructures, and their application in electronic, optoelectronic and other devices, due to a 
surge in number of research reports on the Ge1-xSnx alloy nanomaterials in the last five years 
(Figure 1(b)).  A comprehensive review of Ge1-xSnx materials and their applications up to 2015 
has been reported by Zaima et al.17  There were very few reports on Ge1-xSnx nanostructures; 
specially on 1D nanowires; until 2003,21 with only a few reports following up to 2015.22   This 
review will primarily focus on the growth and application of recent Ge1-xSnx nanostructures, 
highlighting their optical and electronic properties and recent developments in Ge1-xSnx device 
fabrication. The most promising Ge1-xSnx nanostructures, such as nanowires and nanoparticles, 
will be discussed in terms of their growth and characterisation in comparison to the Ge1-xSnx 
thin films. Firstly, however, a brief overview of the theoretical insights into Ge1-xSnx materials 
is outlined to provide an essential historical starting point for what has become an increasingly 
popular alloy.  
Page 4 of 81































































2. THEORETICAL PERSPECTIVE ON Ge1-xSnx
The realization that Ge1-xSnx alloys could exhibit a direct bandgap was first predicted 
theoretically in 1982,23 based on qualitative analysis of trends revealed by simple linear 
interpolation between the band structures of Ge and α-Sn. This prediction, which was supported 
by more rigorous density functional theory (DFT) calculations in 1989,24 predates the growth 
of crystalline Ge1-xSnx, and indeed served as a key motivation for early attempts to establish 
fabrication of Ge1-xSnx alloys.25,26  These early theoretical reports laid the foundation for the 
strong interest in Ge1-xSnx alloys – both from theoretical and experimental perspectives – that 
has developed over the last three decades. As further theoretical and experimental data emerged 
it was realized that relatively modest Sn compositions were sufficient to bring about a direct 
bandgap, stimulating further activity related to theorizing potential growth methods, as well as 
to initial analysis of the optical and electrical properties, and the overall potential for band 
structure engineering in Ge1-xSnx for device applications.27, 28
In this section we provide a brief overview of theoretical investigations of Ge1-xSnx alloys, 
focusing respectively in Sections 2.1 and 2.2 on the evolution of the alloy band structure and 
on key physical properties relevant to proposed device applications.
2.1. Band structure of Ge1-xSnx
Beginning with Ge, the lowest energy conduction band (CB) state at the Γ point lies only 
approximately 140 meV higher in energy than the L-point conduction band minimum. The aim 
of realizing direct bandgap group IV materials has for this reason centered primarily on 
engineering the band structure of Ge, since in principle one need only shift the Γ-point CB edge 
states downwards by 140 meV relative to the L-point states in order to achieve a direct bandgap. 
This could be achieved via application of tensile strain in pure Ge, to take advantage of the 
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significantly higher pressure coefficient associated with the direct Γ-Γ bandgap (12.9 
meV/kbar) compared to that associated with the fundamental Γ-L bandgap (4.3 meV/kbar).29,30 
However, high levels of tensile strain (> 2%) are required to achieve this Γ-L crossover, testing 
critical thickness limits and complicating fabrication. Although tensile strained Ge has been 
successfully demonstrated in photodetector applications,29 the aforementioned growth 
challenges limit its potential as a gain medium since even higher tensile strains are required to 
push the L valleys sufficiently far above the Γ-point CB minimum in energy to allow for 
efficient laser action under electrical injection. These issues, combined with the predicted rapid 
reduction in energy of the Γ-point CB edge states relative to those at L with increasing Sn 
composition, have therefore led to Ge1-xSnx alloys being favored in recent years as the leading 
contender to obtain a direct bandgap Ge-based gain medium to facilitate the development of 
all-group IV semiconductor lasers for Si photonics applications.
Since the initial qualitative analysis of the Ge1-xSnx band structure23, the evolution of the band 
structure of Ge1-xSnx alloys has attracted significant attention from a theoretical perspective. 
Theoretical analysis of the Ge1-xSnx band structure has for the most part centered on 
applications of the empirical pseudopotential method (EPM) or tight-binding method (TBM) 
in the virtual crystal approximation (VCA). In the VCA each atom in the alloy assigned the 
(identical) properties of an average “Ge1-xSnx” atom. This has the advantage that it allows 
calculations to be performed for a primitive unit cell, removing complications associated with 
zone folding in atomistic supercell calculations. However, this comes at the cost of neglecting 
effects related to the differences in size and chemical properties between the constituent 
elements of the alloy, so that effects such as alloy band mixing (hybridisation) and carrier 
localization do not manifest as in real alloys.
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VCA-based calculations have successfully demonstrated the emergence of a direct bandgap 
due to a more rapid decrease in energy of the lowest CB at Γ than at L in response to Sn 
incorporation and have predicted bandgap values which are in good overall agreement with 
experimental measurements. However, predictions of the Sn composition at which Ge1-xSnx 
becomes a direct bandgap semiconductor have varied over a broad range. Since the initial 
prediction that approximately 26 at.% Sn would be required to bring about a direct bandgap,24 
theoretical analysis has continuously revised this composition downwards in response to 
emerging experimental data. Simple linear interpolation between the high-symmetry point 
energies in Ge and α-Sn suggests the emergence for a direct band gap for ~20 at.% Sn. This is, 
for example, close to the value of 17 at.% calculated by Moontragoon et al. using the EPM in 
the VCA.31 Subsequent VCA-based analysis using the EPM and TBM has largely relied on 
reparameterization which drives the emergence of a direct bandgap to lower Sn compositions, 
with more recent calculations reducing the crossover composition to 1132,33 and subsequently 
to 6.5 at.%,34 bringing theoretical calculations more into line with experimental 
measurements.35,36
This trend has suggested an inability on the part of theory to produce quantitative predictions 
for Ge1-xSnx without reference to existing experimental data. That this should turn out to be the 
case for calculations employing the VCA was identified at an early stage. Early analysis by He 
and Atwater37 noted the inability of calculations based on the VCA to accurately predict the 
magnitude of the Sn-induced band gap reduction. Later, comparisons by Moontragoon et al.31 
between EPM calculations carried out in the VCA and direct atomistic alloy supercell 
calculations demonstrated significant deviations in results. These results suggest that atomic-
Page 7 of 81































































scale alloying effects neglected in the VCA – e.g. band mixing (hybridization) and carrier 
localization, associated with the differences in size and chemical properties between Ge and 
Sn – likely play important roles in determining the evolution of the band structure and 
emergence of a direct bandgap in Ge1-xSnx alloys. Nonetheless, there has been a proliferation 
of VCA-based approaches to model the Ge1-xSnx band structure in the literature, due to both to 
interpretational simplicity and low computational demand.
This situation has begun to change over the past 5 years, with the emergence of a number of 
studies employing more accurate (non-VCA) atomistic supercell calculations in conjunction 
with sophisticated electronic structure methods based on DFT.38–40 However, while first 
principles calculations are in general more reliable due to their limited number of free 
parameters, they have not produced a clear consensus regarding the nature of the indirect to 
direct bandgap transition. Indeed, despite DFT-based analyses agreeing on the qualitative 
properties of the alloy band structure, they retain significant quantitative differences; between 
4.5 to 11 at.%;  in the predicted Sn composition at which a direct bandgap emerges.38–41   
Despite three decades of attention, it therefore appears that current theoretical calculations have 
failed to produce an unambiguous predictive description of the Ge1-xSnx band structure which 
can be used, e.g., to underpin further theoretical analysis of material properties relevant to 
device applications. Motivated by this problem, as well as by new experimental data, our group 
has recently undertaken detailed theoretical analysis of the indirect to direct bandgap transition 
in Ge1-xSnx. Pressure-dependent measurements by Eales et al.42 have provided initial evidence 
suggesting that the the pressure coefficient associated with the fundamental bandgap in Ge1-
xSnx is intermediate between that of the indirect (fundamental) Γ-L and direct Γ-Γ bandgaps of 
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Ge for samples with x ~ 6-7%. This suggests that the alloy direct band gap is hybridised in 
nature in this composition range, consisting of an admixture of Ge Γ- and L-point CB edge 
character; measurements on a further sample with x ~10% showed conventional direct-gap 
character for 10% Sn. This data suggests the continuous evolution of a direct bandgap in Ge1-
xSnx with increasing Sn composition x, via transfer of Ge Γ-point CB edge character to the 
alloy conduction band edge, driven by Sn-induced hybridisation. These conclusions have been 
supported by alloy supercell calculations carried out using both DFT and TBM approaches43, 
in which the hybridized nature of the alloy CB edge is directly verified via the calculated 
bandgap pressure coefficient. Initial analysis has demonstrated that this Sn-induced 
hybridization is strongly sensitive to short-range alloy disorder (Sn clustering)42,43, suggesting 
that systematic analysis of realistic, disordered Ge1-xSnx alloy supercells is required to 
quantitatively understand the nature of the indirect to direct bandgap transition. Further 
experimental investigations are in addition required to determine the extent to which band 
mixing effects are present and important in Ge1-xSnx alloys.
Nonetheless, emerging experimental evidence of the importance of alloy band mixing effects 
in Ge1-xSnx has the potential to provide critical insight into the failure of previous analysis to 
quantitatively describe the indirect to direct bandgap transition. The continuous evolution of 
the character of the CB edge with increasing Sn composition is in stark contrast to the 
widespread assumption of an indirect to direct bandgap crossover occurring at a single, critical 
Sn composition. In VCA-based calculations this alloy band mixing is not present due to the 
limitations of the underlying assumptions, and calculations contain clearly distinguishable Γ- 
and L-point CB states which pass through one another at a clearly defined composition. In 
DFT-based alloy supercell calculations the presence of a hybridized CB alloy edge has been 
directly noted,38 or evidenced in unfolded supercell band structures,41 and is to be expected 
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given the small separation in energy between the Γ- and L-point CB edge states in Ge. 
However, the assumptions employed in qualitative analysis of DFT band structure calculations 
has remained the same as that employed in VCA-based approaches: band mixing effects are 
neglected and individual supercell states are identified as being purely “Γ-like” or “L-like” and 
the composition at which the former passes through the latter in energy is reported.
The potential consequences of band mixing effects for alloy material properties are not solely 
of importance for determining the Sn composition range in which the alloy attains a direct 
bandgap. The presence of hybridized CB states can further be expected to impact key material 
properties relevant to device applications, including optical transition strengths, electron 
mobility, etc. Previous theoretical work on alloy band mixing in III-V Ga1-xInxP alloys has 
demonstrated that quantitative understanding of hybridization between extended (Bloch) states 
in disordered semiconductor alloys requires direct electronic structure calculations for ultra-
large supercells to overcome the limitations associated with periodicity and zone folding in the 
smaller supercells to which first principles calculations are limited (by computational expense). 
Such analysis is therefore required for Ge1-xSnx alloys soon, to support experimental efforts to 
realize Ge1-xSnx-based semiconductor devices.
2.2. Theoretical insight into the physical properties of Ge1-xSnx
The optical, thermal, and electrical properties of Ge1-xSnx have been investigated and reported 
throughout the last 30 years; in many instances predating experimental verification.  Due to the 
progression towards a direct bandgap with increasing Sn content in Ge1-xSnx materials, the 
optical properties of Ge1-xSnx have been widely considered and investigated.  A detailed 
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theoretical analysis of the optical properties, bandgap, band width etc. of Ge1-xSnx was reported 
before experimental data was produced,44 potentially fueling the desire to produce a single 
crystalline, direct bandgap Ge1-xSnx material.  The optical properties, such as bandgap, bowing 
parameter, optical gain etc. of Ge1-xSnx are of importance due to the indirect to direct transition 
undergone by Ge upon sufficient incorporation of Sn (> 6.5 at. % Sn).34,45,46  Theoretically, the 
bandgap in Ge1-xSnx can be tuned between 0.6 eV and 0.0 eV by altering the Sn inclusion.45  
The tunability of this bandgap is a valuable commodity in both optoelectronics and photonics, 
making Ge1-xSnx materials particularly suitable for incorporation in photodiodes covering the 
broad mid-IR range. Regarding the theoretical insight into the optical properties of GeSn 
nanoscale materials, most of the initiatives were focused on calculating the electronic band 
structure and optical gain in quantum well structure such as  GeSn/SiGeSn and Ge/SiGeSn 
quantum wells.47,48  Meanwhile, the theoretical studies about Ge/GeSn and GeSn/SiGeSn 
quantum dots have also been performed to some extent.49  However, very little work has been 
done to systematically investigate the optical properties of Ge1-xSnx nanowires in theory. Very 
recently, using effective mass theory, is has been shown that the direct‐band gap semiconductor 
is more difficult to be realized in low‐dimensional Ge1−xSnx nanowires compared to bulk 
Ge1−xSnx.50 One of the main reasons is that the electron effective‐mass of Ge1−xSnx alloy at the 
Γ‐valley is less than that at the L‐valley, which will lead to the quantum confinement induced 
energy of the electron at the Γ‐valley larger than that at the L‐valley. Thus, Ge1−xSnx nanowires 
with large diameter and Sn content have higher chance to become the direct‐band‐gap 
semiconductor. With increasing Sn content, the proportion of the occupied electron 
concentration at the Γ‐valley will increase substantially, which can enhance the light‐emitting 
efficiency in Ge1−xSnx nanowire lasers. A remarkable gain peak value can also be obtained with 
the increase in Sn content to achieve a positive net peak gain in Ge1−xSnx nanowire lasers even 
at a very low diameter of 24 nm, which is not the case for pure Ge nanowires. 
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In terms of electrical properties, theoretical studies of Ge1-xSnx show similar or enhanced values 
of hole mobility and concentrations compared with doped Ge counterparts.51  A biaxial 
compressive strain, which forms due to lattice mismatch between Ge and Sn, lifts the light-
hole band in the upward direction thus enhancing hole mobility.  High hole mobility is very 
useful for high-performance p-channel MOSFETs.  A 2D analytical model including quantum 
effects revealed that GeSnOI MOSFETs with a channel thickness of 5 nm yields the lowest 
threshold voltage (Vth) and subthreshold slope (SS); where the SS increase marginally with 
increasing Sn concentration ranging 0 – 6 at.%.52   Due to its direct bandgap and silicon 
compatibility, Ge1-xSnx has been billed as an ideal material for the fabrication of post-CMOS 
band-to-band tunnelling field effect transistors (TFETs).  Wang et al.53 modelled Ge1-
xSnx/SiyGe1-x-ySnx staggered heterojunction n-channel tunnelling field effect transistors (hetero-
NTFETs) using a non-local empirical pseudopotential method.  Hetero-NTFETs theoretically 
exhibited a steeper subthreshold swing, a higher ON-state current and a larger ON-OFF current 
ratio compared with Ge1-xSnx homojunction n-channel tunnelling FET devices.  Sant and 
Schenk54 also performed modelling analysis of Ge1-xSnx/SiyGe1-x-ySnx hetero tunnel FETs, but 
also explored the role of strain.  Their simulations of Ge1-xSnx/SiyGe1-x-ySnx hetero-TFETs 
determined that compressive strain in Ge1-xSnx widens the design space for TFET applications 
while tensile strain reduces it.  Haehnel et al.55 explored the influence of drain doping, short 
channel and Sn content in p-channel Ge(Sn) heterojunction band-to-band tunnelling FETs.  In 
their work they investigated the influence of a reduction of the channel length down to 15 nm 
on transistor performance.
3. FABRICATION OF Ge1-xSnx MATERIALS
From the first reported growth of microcrystalline Ge1-xSnx by Oguz et al.25 to the present day, 
the fabrication of Ge1-xSnx materials has predominantly been as thin films. The recent 
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development and success on the growth of Ge1-xSnx nanomaterials, such as nanowires and 
nanoparticles, owes significantly to the studies on the growth of GeSn thin films. The 
understanding of the growth techniques used in the fabrication of Ge1-xSnx thin films provides 
essential knowledge, e.g. growth temperature, precursors, epitaxy, strain etc., and a strong 
platform for the fabrication of Ge1-xSnx nanostructures.   Thus, it would be remiss not to detail 
some of the historical development and recent research on the growth and fabrication of Ge1-
xSnx thin films.
The growth of Ge1-xSnx thin films has been reported using many fabrication techniques, 
including chemical vapour deposition (CVD), molecular beam epitaxy (MBE), sputtering, 
solid phase epitaxy and co-evaporation of Ge and Sn via physical vapor deposition (PVD).56–
61  The use of MBE dominated early Ge1-xSnx thin film growth,21,25,26,62 with a shift to CVD 
growth occurring in the early 2000’s.27,63–67 The shift towards the CVD growth was instigated 
by the fact that MBE grown Ge1-xSnx films were not offering device quality (e.g. low 
crystallinity, formation of crystal defects etc.) films due to the very low growth temperature 
window (100 - 200 °C). High Sn content Ge1-xSnx with decent crystal quality to show clear 
photoluminescence (PL) signal was challenging via MBE growth. This shift in film growth 
towards CVD method was initiated by the development of different suitable CVD precursors, 
primarily PhSnD3 and deuterated Stannane (SnD4) as Sn precursor and Ge2H6 as Ge source, 
which allow the CVD growth of GeSn films at a temperature range between 250-350 °C.68   
The use of SnCl4 as a Sn precursor further ease the CVD growth of Ge1-xSnx alloy films due to 
the accessibility and stability of the SnCl4 compared to SnD4. SnCl4 precursor allowed the Ge1-
xSnx growth via both atmospheric pressure and low pressure CVD methods.56   GeH4 has 
attracted lot of recent attention as a Ge precursor due to its low cost and thermal stability69,70, 
although high order Ge hydrides (e.g. Ge3H8, Ge4H10 etc.) are also attractive precursors due to 
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their weak Ge-Ge molecular bond, promoting high growth rates and large Sn incorporation.71   
Having a suitable growth temperature range (250-450 °C), as higher and lower temperature can 
result in Sn segregation and films with low crystal quality and Sn incorporation respectively, 
in combination with strain relaxation; such as the use of virtual substrate;  is key in achieving 
high-quality, Sn-rich Ge1-xSnx semiconductor thin films.
Low-temperature CVD efforts have led to the growth of Ge1-xSnx thin films with Sn 
incorporation far in excess of the equilibrium concentration (x ≥ 0.10).6,14,18   One important 
aspect to consider for Ge1-xSnx thin film growth, which is not very significant for nanowire or 
any other nanostructure growth, is the role of compressive strain from the substrate (Ge virtual 
substrate/Ge) underneath. The substrate underneath can affect the crystal quality, Sn 
incorporation and band structure of the alloy films. Epitaxy of fully strained Ge1-xSnx thin film 
growth on Ge or strain relaxed virtual Ge substrate leads to high bi-axial compressive strain 
(~ 0.15% per 1 at.% Sn)63,72–74 ,which negates the effect of alloying Sn with Ge for direct 
bandgap conversion.  The presence of compressive strain causes the fundamental energy gap 
to blue-shift to lower wavelengths, thus more Sn incorporation (≈ 17 at.%)75 is necessary to 
achieve a direct bandgap.13,14,73,74  However, due the incredibly low equilibrium solubility of 
Sn in Ge (< 1 at. %) and the tendency for Sn to segregate at high growth temperatures, this task 
becomes increasingly difficult.76,77  The usual approach to achieve strain relaxation is to 
increase the Ge1-xSnx epilayer thickness much beyond the critical thickness for strain relaxation 
as the epilayer  plastically relax via the formation of misfit dislocations for larger 
thicknesses.6,18,19,69,78,79   However, this approach for strain relaxation is mostly reported for 
CVD grown thin films with limited success for MBE grown layers80.  Other methods such as 
using a relaxed InyGa1-yP buffer layer or compositionally graded Ge1-xSnx buffer have been 
reported to result in strain relaxation and large uniform Sn incorporation.81–83  One concern for 
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a strain relaxed Ge1-xSnx layer is the possible appearance of large amount of misfit dislocations 
in the Ge1-xSnx epilayer.  These dislocations, particularly threading dislocations, can propagate 
through the entire epitaxial layer and severely deteriorate material quality by acting as non-
radiative recombination centers. Regarding strain relaxation,  formation of core/shell Ge/GeSn 
nanowires; which will be discussed in Section 3.2.1; is a promising solution, as fully elastic strain 
relaxation can be achieved, both due to the highly elastic compliance of a thin Ge core and to the 
effect of the free facets at the sidewalls.20
3.2. Ge1-xSnx Nanostructures
Although research on Ge1-xSnx thin film has gained lots of interest in last decade, there have 
been no or minimal reports on the fabrication of group IV direct bandgap materials, e.g. 
nanowires or nanoparticles, until recently.  The development of nanowires is essential to keep 
track with the miniaturization of Si-based nanoelectronics and to take advantage of their 1D 
geometry for new age transistors, e.g. finFET and gate-all-around (GAA) FET devices.  A few 
advantages of nanowire growth over this films are: (i) strain due to epitaxial misfits between a 
substrate and Ge1-xSnx nanowire can be accommodated due to strain release at nanoscale 
dimensions, thus easing the generation of single crystalline lattices without crystal defects, (ii) 
utilization of a third party material (as catalyst) to encourage enhance Sn incorporation and (iii) 
employment of solution phase methods to take advantage of the vast range of available liquid 
phase precursors. Additionally, Ge1-xSnx nanowires and nanoparticles are also of interest as 
they provide opportunities for additional bandgap tuning, useful in optoelectronic, electronic 
and energy storage applications.
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Despite the first reported fabrication of Ge1-xSnx nanowires in 2003,21 the surge in popularity 
of Ge1-xSnx nanowires is a recent development.  The first convincing report on the synthesis of 
Ge1-xSnx nanowires via bottom-up growth was by Barth et al.84, and expanded upon by Seifner 
et al.,22 detailing the fabrication of nanowires with x = 0.125 by a solution-based, microwave-
assisted approach.  These nanowires, grown using Sn as a growth catalyst had non-uniform 
diameters and an increasing Sn content along the lengths of the wires.  A three-stage solution-
liquid-solution (SLS) growth regime was proposed for the Ge1-xSnx nanowires synthesized 
(Figure 2), with the metallic Sn seed consumed as the reaction progressed.  A mixture of pure 
Ge and heterometallic Sn–Ge imido cubane precursors was used for nucleating Ge1–xSnx 
nanowires with high tin content.  Seifner et al.85 expanded their study by pushing the limit of 
Sn incorporation in the nanowires grown via the microwave assisted method, achieving Ge1-
xSnx nanowires with x = 0.28.  These nanowires, grown with a modified microwave approach 
at 140 ºC, exploited a thermal treatment to induce further Sn incorporation into their as-grown 
Ge1-xSnx (x = 0.17) nanowires.  The formation of a Ge-stabilized α-Sn intermediate was 
proposed for the growth of Sn rich Ge1-xSnx nanowires upon considering a “phase map” with 
the nanowire phases and compositions formed under specific experimental conditions.  
Although growth temperature and kinetics play an important role in obtaining a high Sn 
incorporation, impurity incorporation via a kinetic dependent “solute trapping” mechanism 86 
was not considered for Ge1-xSnx nanowires with a high Sn inclusion due to the relatively low 
growth temperature and the absence of sharp metal-nanowire interface.  The thermal stability 
of the Ge1-xSnx nanowires with and without the presence of the Sn seed was also investigated, 
revealing the diffusion of metallic Sn clusters through the Ge1-xSnx nanowires at high 
temperatures where the material composition was non-homogeneous. In the quest to achieve 
further control over the growth of Ge1-xSnx nanowires with colossal Sn incorporation, both in-
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plane Ge1-xSnx (x=0.22) nanowires87 and epitaxial vertical growth of Ge1-xSnx (x=0.19) 
nanowires88 on Ge (111) substrates were successfully depicted.  In-plane nanowires were also 
produced by an innovative solid-liquid-solid (SLS) growth process using SnO2 as catalyst 
precursor and a-Ge:H as the Ge source, whereas vertical Ge1-xSnx nanowires were grown via a 
self-seeded VLS growth where Sn seeds acted as both nucleation promoter and a source of Sn 
in GeSn nanowires. Unlike other bottom-up grown Ge1-xSnx nanowires, in-plane nanowires 
grown on silicon substrates accommodate a large amount of compressive strain similar to Ge1-
xSnx.thin films.
We have reported the, CVD growth of Ge1-xSnx nanowires at a relatively high growth 
temperature (440 °C) with a high Sn content (x > 0.09) via conventional vapor-liquid-solid 
(VLS) growth using commercially available Ge and Sn precursors.89  Using Au and Au1-xAgx 
metal catalysts and employing a post-growth step anneal at the bulk Ge-Sn eutectic temperature 
(~230 C), Ge0.91Sn0.09 nanowires were fabricated.  The non-equilibrium induction of Sn in the 
Ge host was explained by the “solute trapping”86 of Sn atoms at a finite growth velocity in the 
emerging Ge nanowire lattice.  Kinetic dependent incorporation of Sn in the nanowire lattice 
was aided by the negligible diffusion of Sn in Ge at the growth conditions employed, the 
epitaxial mismatch between Sn and Ge resulting in elastic strain and the lack of truncating side 
facets at the catalyst-particle interface.
The uniform and relatively ordered distribution of Sn impurities in a 1D alloy lattice during the 
VLS nanowire growth can be achieved via this kinetic driven “solute trapping” process, where 
the impurities are incorporated by solute redistribution at the catalyst-nanowire interface via 
an increase of chemical potential and deviation of the partition coefficient.86  Growth kinetics 
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of semiconductor nanowires can be modified by influencing the concentration of the growth 
species, e.g. by using high temperatures to induce fast cracking of precursors or by using 
precursors with high catalytic decomposition rates.  These parameters directly influence the 
supersaturation (Δμ), i.e. the chemical potential difference in the vapor phase and liquid 
eutectic phase; allowing the growth rate of the nanowires to be manipulated.  Increased 
supersaturation and hence the nanowire growth rate can also be achieved by lowering the 
equilibrium concentration (Ce) of growth species in the liquid seeds formed during VLS 
growth, with the use of bi-metallic growth catalysts such as AuAg alloys.90   To attain a high 
Sn content in Ge1-xSnx nanowires in conventional single step VLS growth, the growth 
parameters were altered to increase the nanowire growth rate.91  Faster growth kinetics, 
obtained with a particular set of growth constrains such as temperature, precursor type and 
catalyst type, resulted in the formation of Ge1-xSnx nanowires with a high Sn incorporation, i.e. 
~9 at. % Sn (Figure 3).  The incorporation of a substantial amount of Sn (x > 0.09) in Ge is 
desirable into the 1D Ge host lattice to achieve direct band gap. However, how these Sn 
impurities is ordered in Ge can provide an additional engineering of freedom and can influence 
physical properties of the alloy material.  Ordering of Sn in Ge is associated with the 
engineering of electronic band structure such as reduction of band gap, degeneracy at the 
valence band and their emission characteristics of Ge1-xSnx nanowires such as emission width 
and lifetime. We observed that Ge1-xSnx grown in a single step CVD process displayed 
increased atomic ordering when compared to nanowires with a similar Sn content, grown by a 
two-step VLS process89; as determined by Raman, TEM and photoluminescence analysis.  For 
a better understanding of the influence of “solute trapping” on Sn inclusion in the Ge1-xSnx 
nanowire, AuSn alloy catalysts with varying Sn content were directly utilized as growth 
promoters.92 Similar to the observation shown in the Au catalyzed growth of Ge1-xSnx 
nanowires, high Sn concentration in the AuSn catalyst resulted larger Sn inclusion in the 
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crystallinity of the GeSn nanowire; up to 5 at.% with 86 at.% Sn in the catalyst. This 
observation suggests “solute trapping” as the mechanism for Sn incorporation in Ge1-xSnx 
nanowires as Ge supersaturation and step-flow kinetics is greatly enhanced by the presence of 
large content of Sn in the catalyst seed, resulting larger intake of Sn in the nanowire.  Kinetic 
dependent Sn incorporation was also observed in this growth process, where a “dimer insertion 
model” was used to explain the high Sn incorporation.  In this growth, the nucleation of Ge in 
GeSn is achieved via Ge pairs or dimers (Ge−Ge), and the incorporation of Sn atoms is realized 
via Ge−Sn dimers. 
CVD parameters have also been tailored to grow branched Ge1-xSnx nanostructures, consisting 
of nanowire branches, with a Sn concentration of ~8.0 at.% epitaxially grown from nanowire 
branches, with a Sn concentration of ~4.4 at.%93  These branched GeSn nanostructures could 
have potential uses in optoelectronic, nanoelectronic and energy storage applications, due to 
their unique morphology, high surface areas. The greatly enhanced numbers of junctions in the 
branched alloy nanostructures could also potentially act as semiconductor heterojunctions, 
where the bandgap between different segments could be controlled via manipulation of alloy 
composition in different segments. These novel heterostructures (Figure 4) were grown via a 
VLS process employing Au0.80Ag0.20 nanoparticles as catalyst seeds.  Excess Sn on the 
sidewalls of the nanowire ‘trunks’ (diameter ~200 nm) subsequently catalyzed the secondary 
growth of ‘branches’ (diameter ~ 50 nm), ordered along the length of the trunks.  These branch 
nanowire segments were ordered in the <111> direction along the nanowire trunks at an angle 
of ~ 70 º.  The wetting of the nanowire ‘trunks’ by Sn, originating from the alloy formed 
between Sn with the Au0.80Ag0.20 nanoparticles seeds, were pinpointed as the primary source 
of Sn.  The formation of these novel 3D Ge1-xSnx nanostructures, can potentially trigger 
different electron band transitions in a single structure.
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The growth of Ge/Ge1-xSnx core/shell nanowires have also been reported since 201620,94–98  
These Ge1-xSnx /Ge dual nanowire heterostructure can effectively release the compressive strain 
in Ge1-xSnx, while introducing tensile strain in Ge simultaneously.94  The nanowires typically 
comprise of a Sn-rich Ge1-xSnx shell surrounding a pure Ge nanowire or a Ge1-xSnx nanowire 
with low Sn content. Ge/Ge1-xSnx core/shell nanowires with Sn rich Ge1-xSnx shell often have 
increasing Sn content radially outwards from the Ge core. One noticeable difference between 
the growth of pure Ge1-xSnx nanowires to the growth of Ge/Ge1-xSnx core/shell nanowires is the 
choice of precursors. Traditional gas phase CVD reactions involving popular thin film 
precursors, e.g. GeH4, SnCl4 result in Ge/Ge1-xSnx core/shell nanowires whereas solution phase 
growth involving liquid phase precursors, e.g. diphenyl germane, tetraethyl tin leads to pure 
Ge1-xSnx nanowires.  As per standard VLS growth, Au nanoparticle catalysts and germane 
(GeH4) and tin(IV) chloride (SnCl4) precursors were used for the growth of either phase pure 
Ge/Ge1-xSnx core shell nanowires (Figure 5)94 or Ge1-xSnx nanowire with low Sn content (1 
at.%) at the core and high Sn content (10 at.%) in the shell segment.96  These core/shell 
nanowires usually display tapering near their tips and inverse tapering along the lengths of 
nanowires (Figure 5), with a majority of nanowires (60 %) growing in the <111> direction.  
The nanowires had 7 at. % Sn incorporated into the Ge1-xSnx shell, while the Ge core had a 
small amount of Sn incorporation ( 1 at. %).96  In another report on Ge/Ge1-xSnx core/shell 
nanowires, Assali et al.95 utilized EDX measurements, correlated with atom probe tomography 
(APT) of the cross sectional areas of nanowires to determine the Sn distribution in the shell 
(Figure 6).  Using a similar growth process to Meng et al.94, with identical catalysts and 
precursor, Ge/Ge1-xSnx core/shell nanowires with 13 at. % Sn were produced.  The EDX and 
APT analysis displayed a “sunburst-like” geometry of Sn rich areas in the Ge1-xSnx shells along 
the {112} side facets compared to the {110} facets.  This Sn-rich region increased sharply from 
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the Ge core to 8 at. % in the shell (near the core-shell interface), which gradually increased to 
13 at. % toward the outer edge of the shell.  A linear profile of this change in Sn content can 
be seen in Figure 6(f). To achieve better control over the quality and yield of the GeSn core–shell 
nanowires, a better understanding of the nanowire growth mechanisms is critical. For this purpose, 
Wang et al. 99 systematically studied the radial growth of core–shell Ge/Ge1−xSnx nanowires, using 
a phase field model coupled with elasticity. The model successfully captured several important 
features such as sidewall facets and elastic energy distributions of the nanowires during its growth 
process and predicted the minimization of chemical potentials as the trigger for initiating the shell 
growth at given tin concentrations.
The critical strain for these core/shell nanowires with sunburst geometry was further explore 
by Albani et al.20 on nanowires with 10.5 at.% Sn incorporation in the outmost region of the 
Ge1-xSnx shell.  Increased Sn content in thick Ge layers has been reported to induce further 
strain relaxation. 20  A recent study on core–shell structure demonstrates the growth of epitaxial 
Ge1-xSnx active material on Ge nanowire core for additional band structure engineering and 
optical property manipulation in the Ge core nanowire due to strain from core–shell lattice 
mismatching.98  Spatially resolved strain analysis, using 4D-STEM of Ge-core/Ge0.96Sn0.04-
shell nanowires showed significant axial tensile strain in the Ge core (∼0.56 %) and almost no 
strain in the Ge0.96Sn0.04 shell. The effect of strain on the growth of GeSn alloys in a Ge/GeSn 
core/shell nanowire geometry was also explored by controlling the Ge core diameter.100  A 
regular and homogeneous Ge1-xSnx shell formation was observed for smaller core, whereas 
larger cores lead to the formation of multifaceted sidewalls and broadened segregation 
domains, inducing the nucleation of defects.  Therefore, the growth of Ge1-xSnx alloys in a 
core/shell nanowire geometry is beneficial when the strain in the shell is kept below the 
threshold for plastic relaxation and hence when using thinner (50 nm) Ge cores.100  In contrary, 
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a reverse Ge1-xSnx/Ge core/shell structure with 30 at.% Sn in the core was successfully 
fabricated below the GeSn eutectic temperature via a plasma assisted solid-liquid-solid growth 
with Sn nanoparticle catalyst.101 The presence of GeH4 plasma resulted the deposition of 
crystalline Ge on the Ge1-xSnx to form  a core−shell nanowire structure.
While all of the above Ge1-xSnx nanowire growth techniques make use of bottom-up growth 
regimes, it is important to note that Ge1-xSnx nanowires have also been fabricated by top-down 
methods.102–106  The top-down fabrication of Ge1-xSnx nanowires typically involves the bottom-
up growth of a Ge1-xSnx layer on a Ge buffer layer.  The presence of this Ge buffer layer presents 
a unique opportunity to create Ge1-xSnx/Ge nanowire heterostructures with a precisely 
controlled interface.  This precise control is as of yet under-developed, however selective dry 
etching of Ge over Ge1-xSnx has been demonstrated by Gupta et al.105 (Figure 7).  Dry etching 
of the Ge buffer substrate was used to achieve a strain free, direct bandgap Ge1-xSnx layer (x = 
0.08).  A combination of wet and dry etching has also recently shown promise as a route to the 
top-down fabrication of Ge1-xSnx nanowires, however, the dry etch is significantly dependent 
on the Sn content of the Ge1-xSnx layer.104  Hence, detailed calibration of this technique is 
required for future reproducible, tuneable Ge1-xSnx nanowire production.
3.2.2 Ge1-xSnx Nanoparticles & other nanocrystals
Nanocrystals of Ge1-xSnx have recently been investigated by several research groups, as these 
nanostructures can allow effective relaxation of lattice strain, potentially leading to a reduction 
in the amount of Sn needed to achieve a direct bandgap.  Additionally, at small dimensions, 
quantum confinement effects can widen the material’s bandgap into the visible solar region 
which is useful for implementation in solar cells, optical detectors and biosensors.107–109  In this 
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regard, the growth of Ge1-xSnx nanocrystals has been reported using a number of synthetic 
techniques. A cost-effective solution based approach has recently gained more interest in the 
synthesis of Ge1-xSnx nanocrystals compared to traditional deposition based approach such as 
molecular beam epitaxy, CVD, sputtering etc., though the co-deposition (of Sn and Ge) method 
can result in epitaxial growth of Ge1-xSnx nanocrystals on desired substrates.110  A solution 
based approached has been detailed by Ramasamy et al.107 utilising a host of readily available 
precursors.  They determined that a highly reactive Ge precursor and a relatively inert Sn 
precursor, which can form an in-situ complex that can be reduced to form Ge1-xSnx 
nanocrystals, is a prerequisite to synthesize non-trivial amounts of Ge1-xSnx nanocrystals. The 
resulting Ge1-xSnx nanocrystals formed were found to be quasi-spherical in shape, with mean 
diameters between 5 – 15 nm.  Sn incorporation in these nanoparticles was much larger (x = 
0.42) than has been reported for GeSn thin films or nanowires.   This colossal Sn incorporation 
could be necessary in Ge1-xSnx nanocrystals to induce a direct bandgap, as quantum 
confinement effects may inhibit a crossover to direct-gap behavior.  The tunability of the 
bandgaps in Ge1-xSnx nanoparticles has been explored by Esteves et al.109, where Ge1-xSnx 
nanocrystals were fabricated by a solution-based process as illustrated in the scheme shown in 
Figure 8, with germanium diiodide and tin dichloride used as the Ge and Sn precursors 
respectively.  By holding the mixture at a temperature of 300 °C for between 0 and 10 minutes, 
post growth, Ge1-xSnx nanocrystals of varying sizes were produced (4.1 – 4.6 nm for 0 minutes 
and 15 – 17 nm for 10 minutes).  The resulting 15 – 17 nm Ge1-xSnx nanocrystals, 0.05 ≤ x ≤ 
0.279 were not shown to contain any metallic Sn clustering, despite their high Sn impurity.  
The smaller Ge1-xSnx nanocrystals, 4.1 – 4.6 nm were synthesized to explore confinement 
effects.  These Ge1-xSnx nanocrystals, however, were not as Sn rich as their larger counterparts, 
with x ≤ 0.116.  While this Sn content was markedly lower than in the larger nanocrystals, it 
was nonetheless a substantial Sn inclusion compared to the bulkier GeSn alloy system. 
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The optical properties of Ge1-xSnx alloy quantum dots, with diameters between 1-12 nm and 
different levels of Sn incorporation, have been shown to exhibit tunable bandgaps between 
0.72-2.16 eV.111–114  A novel, low temperature (60-180 °C) colloidal method to prepare 
monodisperse Ge1-xSnx (x= 0.18) alloy nanoparticles, by reacting uniform Sn nanocrystals with 
a GeI2-TOP (tri-n-octylphosphine) precursor solution under reducing conditions, has recently 
been reported.114  The mean nanoparticle diameter and Sn content could be engineered in this 
approach by changing the dimension of the Sn nanoparticle template in the reaction process.  
The size effects on the optical properties of these Ge1-xSnx nanocrystals will be discussed later 
in this review article.
Apart from the solution phase method, alternative method using gas phase deposition and 
reaction for synthesising Ge1-xSnx nanocrystals has also been reported. Cho et al.108 describe 
the use of gas-phase laser photolysis to produce Ge1-xSnx nanocrystals with x = 0.05 – 0.4.  The 
Ge1-xSnx nanocrystals with a high Sn content (x ≥ 0.1) were found to contain significant 
amounts of tetragonal phase metallic Sn.  The Ge1-xSnx nanocrystals were produced by 
focussing a Nd:YAG pulsed laser into a reactor containing tetramethyl germanium and 
tetramethyl tin under vacuum.  The presence of an increasing amount of metallic Sn was noted 
for the increasing Sn content, as determined by X-ray diffraction (XRD) measurements; the 
larger the value of x, the larger the observed β-phase Sn peak.  These Ge1-xSnx nanocrystals 
with x = 0.05 were explored as anode materials for Li-ion batteries, which will be discussed 
later in the article.  Ge1-xSnx nanocrystals (x = 0.09-0.22) with a mean diameter of 6 nm 
embedded in a SiO2 matrix were also fabricated by thermal treatment of amorphous Ge1-
xSnx/SiO2 layers.115  The temperature range was however limited for growing high Sn content 
alloy nanocrystals in SiO2 matrix. Segregation of -Sn phase at temperature between 400-600 
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°C in the bulk alloy116, depending on the Sn content and the strain in the alloy, can have 
consequence in diminishing the Sn concentration in the nanocrystals. Also, using a similar 
vapor phase deposition of Ge and Sn and further thermal treatment at the Ge-Sn eutectic 
temperature, high density Ge1-xSnx  (x > 0.10) nanodots on Ge substrate were 
formed.117  Interestingly, these nanodots; both in SiO2 matrix and Ge substrate;  had the shape 
of a hemispherical dome, which is quite different from that of nanodots formed by the usual 
Stranski–Krastanov (SK) mode epitaxy. One noticeable aspect of Ge1-xSnx nanoparticle growth 
is the achievement of very high Sn content (x=0.10-0.40) compared to GeSn films and 
nanowires. Usually, depending on the growth method, small or large nanoparticles facilitates 
larger amount of Sn in the Ge lattice. For example, high Sn incorporation was observed for 
large nanoparticles for GeSn nanoparticles produced via the formation of an initial Sn 
nanoparticle template and subsequent diffusion of Ge in them in solution phase.114  An  
opposite trend was observed in Sn incorporation with nanoparticle size for the colloidal 
synthesized GeSn nanoparticles produced by in-situ reduction of  Ge-Sn complexes.107  
As with Ge1-xSnx nanowires, there are far fewer reports on the top-down fabrication-of Ge1-
xSnx nanocrystals compared to bottom-up growth methods.  Bartolomeo et al.118 detailed the 
bottom-up growth of Ge1-xSnx nanocrystals on top-down patterned Si nanopillars.119  These 
Ge1-xSnx nanocrystals, grown by MBE, were reported to have Sn contents roughly in line with 
the expected equilibrium solubility of 1 at. %, but this may be an overestimation due to the 
propensity of Sn to segregate into metallic Sn at the high growth temperature of 750 °C 
employed.  Despite this low Sn incorporation, these Ge1-xSnx nanocrystals displayed field 
emission currents with good stability.
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One important aspect to consider for in Ge1-xSnx nanostructure (and for thin films) is the 
accuracy of the compositional analysis, i.e. the stoichiometry, Sn impurity distribution etc., of 
this binary alloy nanomaterial as this influences the interpretation of the physical properties 
,e.g. optical, electrical properties, of the nanostructure. Continued advancement of in Ge1-xSnx 
(or even SiGeSn) nanoscale materials and devices will depend critically on the knowledge of 
their atomic-scale structure because very small compositional fluctuations or relative ordering 
of impurities can alter the optical and electronic properties of these materials.  For crystalline 
GeSn thin films, the compositions are usually measured using Rutherford backscattering 
(RBS), X-ray photoelectron spectroscopy (XPS) and X-ray diffraction (XRD).9  The spatial 
resolution of secondary ion mass spectroscopy (SIMS) has also been sparsely used for 
compositional analysis of in Ge1-xSnx films. However, the nanowire/nanoparticle length-scales 
of interest are too small for accurate measurements using many of the techniques mentioned 
above. Transmission electron microscopy (TEM) and the elemental analysis, e.g. EDX, EELS, 
based on high resolution microscopy can estimate the qualitative and quantitative inclusion of 
Sn in nanostructures.  XRD and Vegard’s law is extensively used for the determination of Sn 
concentration in nanostructures along with SEM-EDX analysis.  However, these measurements 
do not allow accurate qualitative analysis of Sn distribution in a Ge lattice at the nanoscale. For 
example, in an ideal random alloy a linear change in the lattice parameter with alloy 
composition, as predicted by Vegard’s law, may not be obeyed for different crystal structures.  
Also changes in lattice parameters due to nanoscale dimensions also need to be account for 
when estimating Sn at. % from lattice parameter shifts due to alloying.  Also, the very local 
distribution of Sn in the lattice (such as formation of Sn-Sn dimers) cannot be verified from 
bulk analysis techniques.   The formation of local metallic Sn segments and Sn-Sn dimers could 
quench efficient emission from Ge1-xSnx nanomaterials due to the creation of dark trapping 
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sites for charge carriers.  Thus, to confirm the sparse distribution of Sn in a very localized 
volume of a Ge lattice, the determination of the spatial arrangement of Sn through high 
resolution mappings, e.g. EELS is critical.  However, the delocalized Sn EELS M-edge makes 
it very difficult to resolve Sn as part of a Ge-Sn dumb-bell, especially when the Sn atoms are 
buried deep inside the lattice.  So the proximity effect of Sn atoms in the lattice may represent 
as Sn clusters in high resolution EELS mapping.89  Also, the elemental mapping in TEM is 
limited for the volumetric mapping of low-concentration elements (such as Sn in Ge1-xSnx) in 
nanostructures.  For example, the Sn composition measured by EDS is significantly higher than 
that predicted by XRD in case of Ge/ Ge1-xSnx core shell nanowires94, due to the incorporation 
of Sn rich phases in the nanowires that are not detected by XRD.  The key factor to accurately 
estimate Sn in Ge1-xSnx binary nanostructure alloys is to use different complementary 
techniques such as microscopic, spectroscopic and diffraction techniques.  Also, apart from the 
amount of Sn inclusion, the Sn impurity ordering in Ge1-xSnx nanowires has a profound effect 
on the quality of light emission obtained and on the directness of the band gap.  Thus, the 
important challenge of incorporating Sn atoms into the “bulk” of Ge nanowires and 
nanocrystals while avoiding surface segregation and estimation of very localized distribution 
of Sn, e.g. ordering, with Ge “bulk” further emphasizes the need for localized and three-
dimensional composition characterization in these nanostructures such as atom probe 
tomography (APT).120  
4. PHYSICAL PROPERTIES OF Ge1-xSnx NANOMATERIALS
4.1. Optical properties of Ge1-xSnx Nanomaterials
Incorporating Sn into the Ge lattice has been predicted to show enhanced absorption in the near 
infrared region.  There are many theoretical and experimental reports regarding the predicted 
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optical properties of Ge1-xSnx alloys with varying Sn content and strain 
incorporation.34,44,45,121,122  In this review we will primarily focus on the optical properties of 
Ge1-xSnx nanocrystals highlighting the evolution of bandgap with Sn content in the 
nanostructures.  The experimental verification of the nature of the bandgap, specifically 
indirect-to-direct crossover, in Ge1-xSnx alloys, for both bulk and thin films, has proven to be 
very difficult; with different techniques have been used to determine the nature of the bandgap 
in Ge1-xSnx alloys and its dependence on Sn composition.  For MBE grown alloy films optical 
absorbance studies were used to determine the nature of the band gap in the alloy.  These studies 
showed significant bowing in the compositional dependence of the direct band gap, with less 
pronounced bowing for the indirect band gap37  However, optical absorbance spectroscopy is 
limited in terms of accurate determination of the indirect gap in Ge1-xSnx alloys due to weak 
indirect signals compared to the direct gap, the proximity of indirect and direct band gap for 
Ge1-xSnx alloys and alloy broadening. 
Photoluminescence (PL) is the most common method used for determining the band structure 
of Ge1-xSnx alloys, for both bulk and nanoscale Ge1-xSnx alloys.  PL allows the observation of 
distinct direct and indirect peaks, especially for thin films and materials below a micron in size, 
making PL a superior alternative to absorption measurements for band gap determination.  PL 
studies are useful in resolving the size of a bandgap, transitions from indirect to direct states, 
as well as defining if band-to-band transitions are direct, indirect or mixed.13,74  The linewidths 
and shape of PL spectra, as well as peak position, give invaluable insight into the nature of 
electronic transitions.  Accurate PL line35 shape and width analysis is critical, especially for the 
indirect-to-direct gap crossover determination as small changes in the slope of either gap can 
affect the predicted crossover value.  Extrapolating room temperature PL data for Ge1-xSnx 
alloys (x ≤ 0.06), a crossover at x = 0.073 is predicted for CVD grown Ge1-xSnx alloys.35  In 
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notable work by Gallagher et al., who obtained direct and indirect bands gap for Ge1-xSnx thin 
films at room temperature from PL data.  Using a band gap bowing model, by assuming 
composition-dependent band gap bowing, they were able to obtain a Sn crossover 
concentration (from indirect to direct transition) of 13 at.% was obtained for Ge1-xSnx (x 
exceeding 0.10) alloys.36  As any compositional dependence of bowing parameters can change 
the predicted crossover composition in a significant way, assuming a constant bowing 
parameters resulted in much lower crossover point (x = 0.073) for GeSn alloys with sa mall 
compositional range (x ≤ 0.06).35 
Temperature dependent PL studies have also proved to be critical to determine the nature of 
band transitions in Ge1-xSnx alloys.  There is a distinct change in the relationship between the 
PL intensity and temperature in changing from an indirect to direct bandgap material.  A direct 
bandgap alloy results in an inverse relationship between temperature and intensity, with 
increasing temperature leading to a decrease in the PL intensity.14,74,89,91  This is attributed to a 
reduced transfer of electrons from the Γ to L valleys by thermal activation.123  Thus, the 
increase in the intensity of the PL peak with decreasing temperature for direct bandgap Ge1-
xSnx is attributed to the higher population of the Γ valley.   A monotonical decrease in the PL 
intensity with increasing temperature, which is typical behavior seen in direct bandgap 
semiconductors,6,74,89,124,125 can therefore be used to confirm a direct bandgap transition for 
Ge1-xSnx.  However, it has been suggested that due to the pivotal role of dislocations on the 
recombination dynamics, the steady-state temperature dependent PL measurements need to be 
complemented by  direct measurements of the carrier lifetime in order to precisely resolve the 
directness of the electronic band structure.125
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Due to the gradual transition of Ge1-xSnx alloys from an indirect to a direct bandgap, a certain 
degree of band mixing can also be observed for Ge1-xSnx alloys through PL studies.  Unusually, 
broad PL line-widths for Ge1-xSnx alloys can sometimes be observed, which can be attributed 
to band mixing participation from both direct and indirect transitions resulting in an overlap of 
their PL peaks, as the indirect transition is shifted to lower energies.14 Recent pressure-
dependent optical characterization of Ge1-xSnx photodiodes42  has provided the first significant 
evidence of the hybridized nature  of the Ge1-xSnx alloy band gap by demonstrating that the 
band gap pressure coefficient evolves continuously between that of the indirect towards that 
associated with the direct band gap (for Sn  ~ 10 at.%). The determination of the activation 
energy for non-radiative transitions from low temperature PL is also possible, with typical 
values for the activation energy of Ge1-xSnx dependent on both x, and the relative atomistic 
order.91  PL studies have also been employed to investigate the difference in bandgap energies 
between doped and undoped Ge1-xSnx.13  Doped Ge1-xSnx demonstrates a band transition with 
a decreased energy separation compared to undoped Ge1-xSnx with the same Sn incorporation, 
for both direct and indirect samples.
Spectroscopic ellipsometry is another technique that has been used to characterize the interband 
transition and compositional dependence of band gap, refractive index, extinction coefficients 
and the dielectric properties of Ge1-xSnx thin films (or substrates densely covered in 
nanostructures).3,28,51,126  The technique can be employed for both crystalline and amorphous 
materials and can be used to examine any difference in the optical properties upon 
crystallization of the material.  For example, Lieten et al. 127 used spectroscopic ellipsometry 
to explore the differences in refractive index and extinction coefficient for amorphous and 
crystalline Ge1-xSnx thin films (x = 0.045).  Ellipsometric studies of the near-band gap optical 
properties in Ge1-xSnx alloys (x = 0.02) showed that excitonic effects to play a strong role in 
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enhancing the near-band gap absorption.128 A clear monotonical shift in the absorption edges, 
corresponding to the interband transitions at the direct gap with increased Sn concentration 
reaching 8 μm for x ∼ 0.3, was observed for Ge1-xSnx alloys grown directly on Si.129
4.1.1. Optical properties of Ge1-xSnx Nanowires. A Recent flurry of activities on Ge1-xSnx 
nanomaterials, such as nanowires have triggered research activities on their physical properties, 
especially their optical properties.  In the optical measurements of nanomaterials, such as 
nanowires, light with wavelengths longer than the diameter of the nanowires, but shorter than 
their lengths are typically employed.   The probing light used in optical measurement is difficult 
to be confined within a single nanowire or nanoparticles due to its small dimension. Thus, the 
effect of the surrounding such as the substrate material, grain boundaries etc. can prominently 
influence the measurement of optical properties. In PL measurements, the effect of the substrate 
can be negated by the use of non-light emitting substrates, or if the substrate does not absorbs 
light in the frequency range of the probing light.  However, for the measurement of reflection 
and transmission, even though the substrate does not absorb light, the measurement data can 
be impacted.  Also, due to the scattering from grain boundaries present in the nanostructures, 
mean free path decreases and the free electron absorption and interband absorption of light is 
modified by the by grain boundary scattering, thus affecting the optical absorption. Surface 
quality is also an important issue to consider for Ge1-xSnx nanowires.  For example, pure Ge 
nanowires with a native oxide coating do not exhibit indirect-gap PL due to surface 
recombination, while core-shell Ge/SiGe nanowires exhibit both direct and indirect-gap 
emission because confinement in the Ge core effectively separates photogenerated carriers 
from surface defects.130  It is not known whether similar effects occur for Ge1-xSnx nanowires 
or nanoparticles functionalized with different organic ligands.  Another factor which could 
influence the PL and the intensity of the PL emission from Ge1-xSnx nanowires is the usual 
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presence of metallic growth promoters, e.g. Sn and Au.  The presence of these metallic 
components in the nanowires, usually at their tips, could result in low emission intensity due 
to luminescence quenching from the metallic impurities.  Also, the high surface-to-volume 
ratio of nanowires compared to thin films can account for the lower luminescence intensity.
 In the case of pure Ge1-xSnx nanowires, low-temperature PL (7 -300 K) and power-dependent 
PL measurements have been used to determine the energy gap, nature of the bandgap and 
quality of light emission from nanowires with a Sn content between 6 to 9 at.% 64,91.  The 
bandgap of the nanowires (diameter ≈ 50 nm) was tuned between 0.6-0.7 eV at 77 K depending 
on the amount of Sn inclusion in the alloy.  The nature of the bandgap in the Ge1-xSnx nanowires 
changed significantly, from near direct to direct, with an increasing amount of Sn in the alloy 
from 7.4 to 9.1 at.%.  This is contrary to the recent theoretical calculation50 of band structure 
which depicted much higher concentration of Sn (x = 0.14) to achieve a direct band gap for 
Ge1-xSnx NWs of diameter 12 nm and 24 nm.  However, it has been stated that the 
direct‐band‐gap of Ge1-xSnx nanowires can be easily obtained with a lower Sn concentration for 
large diameter nanowires.  This transition from an indirect to a direct bandgap was deemed as 
gradual rather than abrupt, due to a degree of band overlap resulting from the narrow energy 
difference between the direct and indirect bands.  With increasing excitation (up to 16 P0) 
spectral broadening was also observed, coupled with a blue-shift of the PL peak position for 
the alloy nanowires at 9 at.% Sn incorporation.  This shift was not observed for phase pure Ge 
nanowires and was attributed to carrier filling of closely spaced Γ and L energy bands.  A 
significant recent development was the ability to achieve mid-infrared emission (0.3 eV) at 
room temperature from epitaxial Ge1-xSnx (x = 0.19) nanowires grown on Ge (111) 
substrates.131  The position of the maximum in the direct energy emission and other 
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characteristics, such as activation energy from the Ge1-xSnx (x = 0.19) nanowires matched well 
with the reported emission from alloy thin films of similar composition where an emission peak 
was observed at 0.36 eV for x = 0.179.132  Also, a significant increase in the activation energy 
from 16 to 37 meV for the non-radiative process was observed for Ge1-xSnx (x = 0.19)91 
compared to Ge1-xSnx (x = 0.09) nanowires88, implying prominent direct bandgap 
recombination in the nanowires at large Sn concentrations.  Although the steady state PL 
measurements gave an indication as to the nature of the band gap for the Ge1-xSnx nanowires 
in this study, direct measurements of the carrier lifetime are required in order to precisely 
resolve the directness of the electronic band structure.
The optical properties of Ge1-xSnx alloys can be enhanced further by shaping them in nanoscale 
heterostructured forms, such as core-shell nanowires.  Core-shell nanowire structures, e.g. 
Ge/Ge1-xSnx, provides confinement of two-dimensional electron gases at the semiconductor 
heterojunction interface which can enhance carrier recombination.  Core/shell Ge/Ge1-xSnx 
nanowires can also incorporate strain from epitaxial mismatch to achieve a direct bandgap in 
these heterostructure materials.  The nature of the band gap and the band gap energy in arrays 
of Ge/Ge1-xSnx nanowires were determined mainly by absorption and PL measurements.  Some 
of these core/shell nanowires demonstrated very high absorption of light, close to 100 %, which 
was assigned to the tapered nanowire geometry and the direct bandgap of Ge1-xSnx (x = 0.13) 
shell.95  The temperature dependent PL study confirmed the nature of the bandgap as direct, 
where the lowest -minimum was far enough below the L-minimum to prevent intervalley 
tunneling.  Core-shell nanowires showed slightly higher emission energy (0.465 eV) at room 
temperature compared to state-of-the-art bulk Ge1-xSnx with similar Sn contents, due to the 
residual compressive strain in the Ge1-xSnx shell.  Possibly, this compressive strain also 
increases the amount of Sn required, from 9 to 10.5 at.%, to obtain a direct band gap in the 
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core-shell nanowires compared to strain free Ge1-xSnx nanowires.91,95  Infrared reflectance and 
transmittance measurements of core/shell Ge/Ge0.96Sn0.04 nanowires indicated that fewer long 
wavelength photons were reflected and transmitted for these core-shell structures, thus showing 
an increased absorption even for core-shell nanowires with lower Sn incorporation (4 at. %).98  
The lattice coherency strain at the Ge/Ge0.96Sn0.04 interface changes the band structure of the 
Ge by decreasing the Γ valley transition energy, making a direct gap transition more favorable 
(Figure 9).  In this Ge/Ge0.96Sn0.04 system strain improves the optical properties of the Ge core, 
which when photoexcited, provides carriers that enhance light emission from the Ge0.96Sn0.04 
shell.  Core-shell Ge1-xSnx alloy nanowires have also demonstrated a strong PL signal at room 
temperature compared to Ge nanowires,94 indicating that radiative recombination of 
photogenerated carriers in the Ge core is strongly enhanced, similar to Ge/SiGe nanowires130, 
in the core-shell wires compared to Ge nanowires coated with native oxide.  Placing the Ge 
nanowire cores in the Ge/Ge1-xSnx nanowires under tension enhances their PL by decreasing 
the energy of the Γ-valley relative to the L-valley.  At the same time, significantly enhanced 
PL intensity is observed in the largely unstrained shells compared to the tensile-strained Ge 
cores, indicating the promise of Ge1-xSnx nanowires for photonic applications.  In addition, the 
effect of strain and Sn segregation in the optical emission of the Ge1-xSnx shell for Ge/ Ge1-xSnx 
core/shell nanowires of different Ge core thickness was also determined with low-temperature 
PL study.133 Temperature dependent PL measurements showed a quenching of the emission 
above 100 K for thicker core, while in the thinner core band-to-band recombination was 
observed at room temperature.  All these findings clearly show that minimizing strain and 
segregation in the Ge/Ge1-xSnx core-shell system is of paramount importance to preserve the 
high optical quality of these nanowires.
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4.1.2. Optical properties of Ge1-xSnx Nanoparticles. Introducing Sn into Ge nanocrystals to 
form Ge1-xSnx alloy nanoparticles is a feasible way to obtain a tunable bandgap material in the  
near-infrared region.  The incorporation of Sn significantly reduces the energy gaps (0.35–0.80 
eV for x = 15.0–0.00 at.%) and promotes the metallic character of the direct-gap Ge1−xSnx 
alloys, eliminating any potential application in visible to near-IR optoelectronics.  To promote 
direct-gap behavior in Ge1-xSnx alloys and expand the optical range, quantum confinement 
effects were utilized by producing low-dimensional nanostructured Ge1-xSnx alloys. In this 
regard, nanoparticles or quantum dots have been reported both in strongly-confined and 
weakly-confined size regimes that promote wider direct energy gaps from the visible to near-
IR spectrum.109,113,134,135
Solid-state diffuse reflectance NIR spectroscopy, in conjunction with the Kubelka-Munk (KM) 
remission function (to obtain pseudo-absorption from reflectance) to determine bandgaps from 
reflectance data, has been carried out on Ge1-xSnx nanocrystals of varying Sn content and sizes 
(0.00 ≤ x ≤ 0.116 and 3.4 – 4.6 nm respectively) by Esteves et al.109  This investigation provided 
a deeper understanding of the impact of confinement effects on Ge1-xSnx (Figure 10).109  The 
bandgaps obtained from KM analysis were indicative of the strong effect of quantum 
confinement in Ge1-xSnx nanocrystals; an energy gap of 0.95 eV was observed for Ge1-xSnx 
nanocrystals (x = 0.116) which was a 0.15 eV increase when compared to the fundamental 
direct bandgap of bulk Ge (0.80 eV).  This blue shift towards higher energies was expected 
upon dramatically decreasing the size of the nanostructure.  The same research group have also 
successfully produced ultra-small ( ≈2 nm) Ge1-xSnx quantum dots with a Sn content up to 23 
at.%, from which they have obtained tunable visible (orange-red) emission.112  PL spectra from 
nanoparticles of different Sn concentration indicated both strong confinement effects and a redshift 
in emission energy with increasing the Sn content.  A clear redshift for Ge1-xSnx quantum dots of x 
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= 0.018 to 0.236 was observed with the PL maximum shifting from 620 to 720 nm.  In such, they 
have successfully expanded the optical window of Ge1-xSnx alloys into the visible spectrum 
allowing for applications in bio-imaging and chemical sensing.  A large direct bandgap of 0.8 
eV, compared to bulk GeSn of similar composition, was also observed via room temperature 
PL measurements for Ge0.864Sn0.136 quantum dots embedded in a GeSn matrix due to quantum 
confinement effects.136 The room temperature PL at 1.55 μm (0.8 eV) fell in the range of optical 
communication wavelengths, and consolidates its potential applications in near infrared 
optoelectronics.  In general, the larger Ge1-xSnx alloy nanoparticles (15-23 nm) exhibited minimum 
or no confinement effects and absorption energy gaps (0.2–0.4 eV) that were red-shifted from bulk 
Ge. 109  This is similar to those reported for bulk Ge1-xSnx thin film alloys and Ge1-xSnx  nanowires.  
In contrast, smaller Ge1-xSnx alloy quantum dots (∼2–5 nm) showed strong confinement effects with 
composition-tunable absorption onsets in the near infra-red region and visible PL exclusively for 
ultra-small quantum dots (1.8–2.2 nm).113,135,137  Figure 11 compares the bandgap of 
nanoparticles and nanowires with bulk Ge1-xSnxfor similar Sn incorporation, derived from the 
room temperature PL measurements.
Esteves et al.137  also reported tunable visible luminescence in Ge1-xSnx (x = 0.055-0.236) 
quantum dots of similar diameters (2 nm).  Using time-resolved PL spectroscopy the authors 
revealed slowly decaying emission (3-27 μs) which they assigned to the recombination of spin-
forbidden dark excitons and the recombination of carriers trapped at surface states.  Increasing 
the Sn concentration and temperature resulted in faster PL decay kinetics due to thermal 
activation of spin-allowed bright excitons and carrier detrapping from surface states.  Time-
resolved PL spectroscopy also revealed similar microsecond and nanosecond timescale decays at 
15 and 295 K, respectively, for Ge1-xSnx alloy quantum dots with a narrow size dispersity (3.3 ± 0.5–
5.9 ± 0.8 nm) and up to 20.5 at.% Sn composition.113  This decay was assigned to the radiative 
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recombination of dark and bright excitons as well as the interplay of surface traps and core electronic 
states.  In this case, the quantum confinement effects resulted in tunable energy gaps in the near-IR 
region that were significantly blue-shifted  compared to bulk with absorption onsets at 1.72-0.84 eV 
for x = 0.015-0.20 and PL peaks  at 1.62-1.31 eV, for x = 0.015-0.056 for the Ge1-xSnx alloys (Figure 
12).  Comparing with pure Ge quantum dots where the dark versus bright exciton transitions are 
very distinct, the addition of Sn in Ge introduces mixing of excitonic states, smearing the dark-
bright exciton distinction and bright/dark excitons oscillator strength ratio decreases to a few 
hundred.128,134 Excitonic effects have been shown to play a strong role in enhancing the near-
band gap absorption for both Ge1-xSnx quantum dots and thin films134, although in quantum 
dots the effective dielectric screening might be reduced to enhance excitonic effects.
4.2. Electrical properties of Ge1-xSnx Nanomaterials
The incorporation of Sn into a Ge lattice results in changes in the electrical properties of the 
material.  Theoretical studies of the electrical properties of Ge1-xSnx show some similar or 
enhanced values of electron mobilities and concentrations compared with doped Ge 
counterparts.51  Reported high hole mobilities in Ge1-xSnx thin films (x = 0.02), in the order of 
> 1018 cm-3, make this alloy a promising candidate as a channel material for MOSFET 
devices.51  However, despite the extensive studies and the continuous improvement of Ge1-xSnx 
as a material there are only few reports on the electronic properties of Ge1-xSnx  nanostructures.  
In the context of a bottom-up growth approach, there are limited reports on the implementation 
of the bottom-up grown nanowires in FET-like devices.  Only recently, Ge0.81Sn0.19 nanowires 
were shown to have higher conductivity compared to pure Ge nanowires by fabricating simple 
two and four terminal devices from an individual nanowire.  In contrast, top-down fabricated 
nanostructures, based on the etching and doping of thin films, a few reports are present in the 
literature that show promising features of Ge1-xSnx fin-like structures as FET devices.138,139  In 
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one of the first reports of nanoscale Ge1-xSnx FET devices, by forming nanostructures from the 
passivated Ge1-xSnx films, Lei et al. successfully produced the world's first Ge1-xSnx p-FinFET 
on Ge1-xSnx-on-insulator (GSOI), with channel lengths down to 50 nm and fin widths down to 
20 nm.  In comparison with other reported Ge1-xSnx p-FETs, a low subthreshold slope (SS) of 
79 mV/decade at VDS = -0.5 V was achieved139,140.
GeSn nanowire-MOSFET devices can borrow considerably from the thin film devices in terms 
of surface passivation.  High-mobility was observed in strained Ge0.958Sn0.042 p-channel 
MOSFETs with ammonium sulphide surface passivation.141  A ∼10 nm thick fully-strained 
single crystalline Ge1-xSnx layer was epitaxially grown on Ge (100) as the channel layer.  
Ammonium sulfide surface passivation was performed for the Ge1-xSnx surface, followed by 
gate stack formation.  This Ge0.958Sn0.042 devices had a peak effective mobility of 509 
cm2/Vs.141   Lei et al. 142 also assessed the impact of sulfur passivation on the gate stack quality 
in Ge1-xSnx devices.  At a high inversion carrier density (Ninv of 1×1013 cm−2), sulfur passivation 
increased the effective mobility by 25 % in Ge0.83Sn0.17 p-MOSFETs.142  In another passivation 
technique, O2 plasma treatments were used on solid phase epitaxially grown Ge1-xSnx films to 
assess the effectiveness for passivating GeSn n-MOSFETs143(Figure 13).  The O2 plasma 
treatment formed a Ge1-xSnxOn film on the surface of the alloy which was subsequently covered 
in-situ by Al2O3 for the gate stack in the Ge1-xSnx MOS devices.  The benefit of the surface 
passivation was evidenced by the low interface trap density of 1.62×1011 cm–2eV–1 obtained, 
resulting in Ge1-xSnx N-MOSFETs with a peak electron mobility of 518 cm2/Vs143.  
Another critical aspect for consideration in the formation of Ge1-xSnx nanowire FET devices is 
the choice of source-drain contact metals.  In this regard, recent knowledge on the GeSn thin 
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film devices can be helpful for the successful fabrication of efficient GeSn nanowire transistors.  
High-k gate stacks and NiGeSn source and drain metallic contacts have been characterized for 
Ge1-xSnx alloys over a Sn content range between 0 - 14.5 at. % in n-FETs devices.5 Wirths et 
al.144 also investigated Ni(SiGeSn) metal contact formation for Sn compositions from 6 to 9 
at.% and quaternary NiSiGeSn alloys, formed on SiGeSn ternaries with large Si/Sn 
compositions ratios.
Ge1-xSnx is also promising material for TFET devices.  Han et al. 145 fabricated Ge1-xSnx 
quantum well (QW) p-type tunnel-FETs (TFETs) and pMOSFETs on Si(111) substrates.  
These devices demonstrated a high effective hole mobility of 505 cm2/Vs, related to the high 
crystallinity of the Ge1-xSnx material produced.  They also reported these QW pTFETs on 
Si(111) outperformed devices produced on Si(001) substrates, both in term of their 
subthreshold swing (SS) and ON-state current.  By characterizing vertical Ge and GeSn 
heterojunction TFETs, Schulze et al.146 observed that by incorporating a Ge1-xSnx layer only at 
the source/channel junction and limiting the transistor size was a promising strategy to increase 
the on-current in TFETs; a high on-current of ION = 88.4 μA/μm at VDS = VG = −2 V was 
obtained for a GeSn-TFET.  Cong et al.147 fabricated a multilayer graphene and Ge1-xSnx/Ge 
QW heterostructure as a Si‐based light source.  Specially designed Ge0.9Sn0.1/Ge QWs were 
used as the active layer, which achieved a PL peak at 2050 nm.  Huang et al.138 also fabricated 
compressively strained Ge1-xSnx QW channels sandwiched by Ge sacrificial layers grown using 
CVD.  The stacked Ge0.93Sn0.07 -channel p-gate-all-around FET had a record high ION current 
of 1975 μA/μm at −1 V for a Ge1-xSnx pFETs.  Although the electrical properties of Ge1-xSnx 
thin films have been experimentally well explored, in-depth studies on the electrical property 
on bottom-up fabricated Ge1-xSnx nanostructures, such as nanowires, is very limited.  
Semiconductor nanowires are particularly attractive for TFET research, as they allow for 
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heteroepitaxy of lattice mismatched materials.  Nanowire-TFETs are predicted to provide 
improved device performance over their planar counterparts as nanowire devices have a 
circular geometry and a confined-volume body and a gate that wraps around the nanowire, 
potentially providing excellent electrostatic control over the channel.  This improved channel 
control is expected to both reduce the SS value and improve the on-current of nanowire-TFETs.  
Moreover, confinement effects such as the volume inversion of carriers and the reduction of 
transverse momentum conservation requirements may further enhance tunnelling probabilities 
in nanowire systems. 
As a side note, the mechanical properties of Ge1-xSnx nanowires (x = 7.1–9.7 at.%) were 
reported recently to assess their suitability as nanoelectromechanical (NEM) switches.148  
Young’s moduli of 61 ± 24 GPa and 59 ± 30 GPa were obtained by resonance and bending 
methods respectively for Ge1-xSnx nanowires with diameters >30 nm.  As expected, these values 
were lower than experimentally obtained Young’s moduli values obtained for Ge nanowires 
with similar diameters by resonance ((106 ± 19 GPa149 and bending (112 ± 43 GPa150 
experiments, but close to the theoretical value of 82 GPa calculated for GeSn.151  Significantly, 
the bending stresses measured at the fracture point for the nanowires was 8-12 % of the 
theoretical limit, making them promising future materials for NEMs devices.
5. APPLICATIONS OF Ge1-xSnx ALLOYS including NANOMATERIALS
With the unique, and often remarkable qualities that Ge1-xSnx alloys possess, their integration 
into many varied devices is possible.  The direct bandgap alloy is beneficial for implementation 
in optoelectronic and photonic devices such as lasers and photodetectors;6,7,152–154 and the high 
carrier mobility of Ge1-xSnx over Ge or Si is beneficial for integration into electronic devices 
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such as FET and TFETs.10,155,156  Additionally, the integration of different functional materials 
in the alloy and high carrier mobility characteristics of Ge1-xSnx nanostructures discussed in the 
previous sections makes them a  probable candidate for energy storage applications. As the 
application of Ge1-xSnx nanostructures including nanowire devices is still in its infancy, we 
have tried to summarize few recent initiatives on applying Ge1-xSnx alloys; including thin films 
and bulk; in electronic, optoelectronic and photonic devices. 
5.1 Ge1-xSnx in electronic devices
A multitude of semiconductor applications for Ge1-xSnx materials have recently been reported.  
For example, negative-capacitance FETs (NC-FETs) for steep slope switches have been 
studied by Zhou et al. 157, who explored the negative differential resistance and hysteresis 
reduction in planar Ge pFETs158,159 using a HfZrOx gate stack.  The same group produced a 
highly impressive Ge1-xSnx (4 at.% Sn) based ferroelectric NC-FET with a sub-20 mV/dec 
subthreshold slope.  The stack in this case was comprised of a metal-ferroelectric-metal-
insulator157.  Liu et al. 160 designed a heterojunction-enhanced n-channel tunnelling field-effect-
transistor with a Ge1-xSnx/Ge1-ySny (x > y) heterojunction located in the channel region.  At a 
supply voltage of 0.3 V, a >300 % ON-state current enhancement was demonstrated in a 
Ge0.92Sn0.08/Ge0.94Sn0.06 FET, compared to a Ge0.92Sn0.08 homogeneous structured FET, due to 
a steeper average subthreshold slope160.  High-performance Ge1-xSnx metal-semiconductor-
metal photodetectors and Ge1-xSnx pFinFETs on an advanced Ge1-xSnx-on-insulator platform 
was also demonstrated.  The detection range of the Ge1-xSnx photodetector was beyond 2 µm, 
with responsivities of 0.39 and 0.10 A/W at 1550 nm and 2003 nm, respectively.  Ge1-xSnx 
pFinFETs with fin width scaled down to 15 nm were also fabricated on GSOI platforms, 
exhibiting a small SS of 93 mV/decade and a high drive current of 176 µA/µm161.  Other 
examples of impressive process module development have included the work by Buca et al. 162 
who recently studied gate stack and Ni(SiGeSn) metal contact formation on low bandgap 
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strained (Si)Ge(Sn) semiconductors.  Quintero et al.163 also studied the stanogermanide system, 
involving Ni-Ge1-xSnx based materials.  They evaluated the impact of the addition of 10 at. % 
of Pt in Ni thin films.  At an alloy formation temperature of 360 °C, a stable (Ni1-yPty)(Ge1-
xSnx) phase was obtained.   For further reading on the electronic properties and application of 
GeSn materials  Gupta et al.164 presented a comprehensive overview of the state of the art in 
Ge and Ge1-xSnx transistor research in their 2014 review article.  Key material challenges 
involved in fabrication, such as gate stack formation and achieving low-resistance contacts to 
transistor source/drain regions were reviewed.
5.2. Ge1-xSnx in optoelectronic devices
The tunability of the bandgap in Ge1-xSnx, and its compatibility with Si platforms, allows for 
the facile implementation of Ge1-xSnx nanomaterials into optoelectronic devices.  
Photoresponse and photoconductivity measurements are imperative to determine the 
optoelectronic properties of Ge1-xSnx.  Unsurprisingly, the addition of Sn results in the 
photoresponse of Ge1-xSnx alloys to shift to lower energies (longer wavelengths) than their pure 
Ge counterparts.77,165,166  The direct bandgap of Ge is approximately 0.8 eV, indicating that Ge 
film photodetectors have low responsivities as wavelengths exceed 1550 nm, whereas Ge1-xSnx 
photodetectors have a broad detection spectrum (extending to 1800 nm) covering the entire 
telecommunication range.  Naturally, this can be predicted as the lower energies are expected 
due to the reducing energy of the Γ valley.  Due to the presence of band mixing, Ge1-xSnx alloys 
also have a broad spectral response, across all telecommunications bands.57,167,168  A strong 
spectral response has been observed for Ge1-xSnx thin films (0.045 < x < 0.052) compared to 
pure Ge thin films, or indeed, for samples with x > 0.052 which showed similar magnitudes at 
1550 nm169.  This consistency of responsivity of Ge1-xSnx devices with increasing x indicates 
that a photodetector comprised of Ge1-xSnx will be of equal, or greater, quality than a Ge 
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photodetector.  Hart et al.169 reported that their Ge1-xSnx layer (x = 0.113) displayed a dark 
conductivity three times higher than their Ge reference.  In fact, it was noted that at room 
temperature, the dark conductance increased with increasing Sn content.  The induction of Sn 
is also expected to result in increased carrier mobilities for both Ge and Si1,170 and increased 
photoresponsivity in Ge1-xSnx photodetectors, compared to Ge has been reported12,57,77,171 
6,14,74,85,89,91  All of these aspects potential enable the co-integration of infrared optoelectronics 
and nanoelctronic platforms based solely on group IV materials. 
The use of Ge1-xSnx thin films in photodetectors77,153,165,172,173 and photodiodes152 has become 
increasingly popular during recent years.  The use of Ge1-xSnx detectors has escalated in last 
few years due to: (i) broad operation wavelength coverage (1.55 to 12 μm) with varying Sn 
compositions, (ii) direct bandgap allowing for enhanced band-to-band light absorption and (iii) 
a full compatibility with Si micro/nanoelectronics.174  Ge1-xSnx thin films are expected to have 
increased photoconductivity and a broader photoresponse than their pure Ge counterparts,122 
and have been predicted to exhibit greater carrier mobilities.51,170  Ge1-xSnx p-i-n photodetectors 
have been demonstrated using Ge1-xSnx thin films with varying Sn amounts, exhibiting a shift 
to lower energies with Sn addition, as well as increased dark conductivity.152,154,165,167,173  
Essentially, GeSn p-i-n photodetectors can be fabricated by doping different segments of the 
same Ge1-xSnx structure, i.e. a homo-structure, or by fabricating a heterostructure comprised of 
a Ge1-xSnx intrinsic layer (or the intrinsic layer and one of the doped layer) and epitaxial 
materials, such as Ge or Si, which contribute to the doped part of the device.  Most photodiodes 
from Ge1-xSnx are based on the formation of heterostruture, e.g. n-i-Ge1-xSnx/p-Si , n-Ge/p-Ge1-
xSnx/n-Ge1-xSnx,175,176 which show higher quantum efficiencies than comparable pure-Ge 
device designs even at low Sn concentrations.  Specifically, several Ge1-xSnx photodetector 
devices (both in p-i-n and in photoconductor structure) have showed relatively high 
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responsivity ranging from 0.2 to 0.38 A/W at wavelengths between 1.5 to 2 μm.165,177,178  A 
nice summary of the GeSn based photodetectors reported to 2019 can be found in a recent 
paper by Tran et al.174 where they have investigated Ge1-xSnx photodetector devices with Sn 
concentrations varying from10.5 to 22.3 at.%.  However, due to the lattice mismatch between 
Ge and Sn, thin films often experience large amounts of strain.  Compressive strain shifts the 
energy gap to lower wavelengths, which requires a higher Sn incorporation to achieve a direct 
bandgap.13,14  
A promising solution to the strain induction in Ge1-xSnx thin films is the move towards 1D Ge1-
xSnx nanostructures; a nanowire morphology allows for increased strain relaxation over thin 
films due to the free sidewall facets.20  The large surface to volume ratio and Debye length 
comparable to its small size resulting in superior light sensitivity, shape and size dependent 
optical and electronic properties make Ge1-xSnx nanostructures, especially nanowires, great 
candidates for efficient photodetectors.  Although there has been significant progress in 
fabricating and characterizing Ge1-xSnx thin film photodetectors, to the best of our knowledge, 
there are only few reports on photodetection from Ge1-xSnx nanostructures with no reports on 
nanowires.  Nanowires usually shows low optical reflectance and light trapping compared to 
thin films, thus achieving a high absorption of light with from a reduced amount of material, 
which is beneficial for photodetector devices.  Apart from this, Ge1-xSnx nanowires can be 
accommodated easily with lattice mismatched materials (III-V, graphene etc.) in a radial core-
shell or axial heterojunction structure, thus allowing easy fabrication of photodiode or 
photoconductor architecture.  In some recent work, Ge1-xSnx nanocrystals embedded in a SiO2 
matrix were used as short-wave infrared photosensitive layers.  Extension of the IR detection 
up to 2.4 μm was demonstrated in samples containing Ge1-xSnx nanocrystals with 15 at.% Sn 
by measuring the photovoltaic current in SiO2 embedded Ge1-xSnx nanocrystals/p-Si 
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heterojunctions diodes.115  Although Ge1-xSnx based p-i-n photodiodes are much more explored 
as photodetectors, Ge1-xSnx based photoconductors with different Sn contents have also been 
reported to operate at low temperatures.179,180  In a recent work174, considerable improvement 
on the peak responsivity (1.61 A/W at 2.0 µm), wavelength detection range (up to 3.65 µm) 
and specific defectivity (1.1 × 1010 cm·Hz1/2·W−1) was achieved with a Ge1-xSnx 
photoconductor with Sn incorporation up to 22.3 at.%.  For more details on Ge1-xSnx 
photodetector devices we recommend a review by Zheng et al.181  Ge1-xSnx nanowires directly 
grown on relevant substrate, e.g. doped Si, can positively contribute to responsivity and 
photoconductive gain as large surface to volume ratios result in the long lifetime of surface 
state trapped electrons.
5.3. Ge1-xSnx in Photonic devices
Direct bandgap Ge1-xSnx has been put forward as a suitable gain material in lasing applications 
34,121,182 and recently there have been several reports on Ge1-xSnx lasers.6,7,183  Wirths et al.6 
demonstrated lasing in partially strain-relaxed Ge1-xSnx (x = 0.126) thin films; the use of power 
dependent PL studies and a Fabry-Perot waveguide were employed to observe clear lasing 
under optical pumping.  The Ge1-xSnx films were fabricated by CVD on virtual Ge substrates 
to increase strain relaxation.  A threshold excitation density of ~325 kW/cm2 at 100 K was 
observed.  Von den Driesch et al.184 explored Ge1-xSnx/SiyGe1-xSnx group IV heterostructure 
lasers, where different types of double heterostructures and multi‐quantum wells were 
epitaxially grown with varying well thicknesses and barriers.  Al-Kabi et al.7 and Stange et 
al.183 each reported the fabrication of Ge1-xSnx lasers in 2016.7,183  The laser produced by Al-
Kabi et al.,7 utilising a strain relaxed Ge1-xSnx (x = 0.0895) thin film grown on a Ge buffer 
layer, was fabricated in a low cost regime with commercially available precursors, i.e. a 
“manufacture ready” process.7  This process development is of significant importance for the 
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future of Ge1-xSnx and its place in photonic devices.  Stange et al.183 sought to improve the 
lasing temperature and threshold of Ge1-xSnx lasers by fabricating Ge1-xSnx microdisks (x = 
0.125).  These microdisks were produced by forming a Ge1-xSnx layer on a Ge buffer layer; the 
buffer was then selectively etched to manufacture a Ge1-xSnx microdisk on a Ge pedestal 
(Figure 14).  This etching of the Ge buffer layer was crucial in increasing the optical 
confinement in the Ge1-xSnx laser, as the large refractive index contrast between Ge1-xSnx and 
air results in an improvement of the optical properties.  This unique approach resulted in a Ge1-
xSnx laser which was usable up to temperatures of 130 K; the highest temperature reported to-
date.
5.4 Ge1-xSnx for energy storage
The high mobility of Ge1-xSnx alloys means that they can be utilised for energy storage devices, 
such as batteries.  Ge1-xSnx nanostructures have shown promise as anode materials for Li-ion 
batteries using nanoparticles108,185,186, nanorods124, nanowires187 and branched nanostructures.93  
The incorporation of just 5 at. % Sn in Ge1-xSnx nanocrystals resulted in a non-trivial increase 
in specific capacities in Li-ion battery.108  The Ge1-xSnx nanocrystals maintained a capacity of 
1010 mA h g-1 and a coulombic efficiency of 96.8 %, compared to capacities of 800 mA h g-1 
for pure Ge nanocrystals of comparable size and structure (Figure 15).  However, the increasing 
Sn composition resulted in a decrease in capacities due to the tendency of metallic Sn to 
segregate.  Further to Ge1-xSnx nanocrystals, Ge1-xSnx nanowires and branched nanostructures 
have also been explored as anode materials for Li-ion batteries.93,187  The open continuous 
channel along the axis of a nanowire could result in an increase in capacity and retention due 
to a decrease in sidewall reactions.  Also, the relative cost of the Ge anode materials could be 
also reduced by alloying it with the cheaper and more abundant Sn.  Ge1-xSnx branched 
nanostructures revealed themselves to be capable anode materials for Li-ion batteries.  
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Particularly, the unique combination of the morphology of Ge1-xSnx branched nanostructures 
resulted in exceptionally high specific capacity (≈1000 mAh/g) with a high retention (94 %) 
because of the increased charge carrier pathways and surface area, and the incorporation of Sn 
into the nanostructure. In general, Ge1-xSnx nanowires behaved as a dual alloying mode anode 
material as reduction/oxidation peaks for both Ge and Sn were observed.  However, the 
reversible lithiation of Ge was responsible for most of the charge stored due to the relatively 
low amount of Sn present within the alloy nanowires. A future goal would be to find the Sn 
based group IV binary and ternary (including Si) alloy nanomaterials with critical composition 
as the highly efficient anode material for Li-ion battery.
6. CONCLUSION AND OUTLOOK
To address the drive to create Si compatible, direct bandgap materials for implementation in 
CMOS and beyond CMOS devices, Ge and Sn based group IV alloys have gained increasing 
interest.  Alloying of Ge with Sn represents a novel solution to the lack of light emission in 
group IV compounds, with an indirect to direct bandgap transition predicted for Sn 
incorporation greater than 6.5 at. %.   With a focus on the recent shift in interest toward Ge1-
xSnx nanostructures, this review has reported recent advances in the growth and characterization 
of Ge1-xSnx materials.  Of note, nanostructures such as Ge1-xSnx nanowires can incorporate large 
amounts of Sn with minimal strain compared to thin films.  Both vapor and solution-based 
three-phase growth methods have been utilized to fabricate these nanowires, but the key is to 
employ a kinetically driven non-equilibrium growth regime.  Three phase catalytic bottom-up 
growth has been demonstrated as a feasible pathway, via the catalyst-crystal interface, to 
incorporate large amount of Sn impurities in Ge nanowires.  Primarily, kinetic driven solute 
trapping process influenced colossal injection of Sn in Ge nanowires. 
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In addition to conventional Ge1-xSnx nanowires, core-shell structures incorporating a Ge core 
and Ge1-xSnx alloy shell have also been fabricated which offer enhanced optical properties due 
to the presence of both the tensile strained Ge core and Ge1-xSnx shell.  Ge1-xSnx quantum dots 
have also grabbed the interest of research community due to the possibility of attaining tunable 
direct bandgaps ranging from the visible to near infrared region.  With the demonstration of 
epitaxial growth, room temperature light emission, tunable direct bandgap, optical gain and 
broad photoresponse across the mid-IR, Ge1-xSnx nanostructures are ideal for implementation 
in group IV photonics and optoelectronics.
The implementation of Ge1-xSnx nanostructures in photonic, optoelectronic, electronic and 
energy storage devices needs the development of high quality, uniform and stable Ge1-xSnx 
alloy nanoforms.  Although there are now several reports on Ge1-xSnx alloy nanostructures, 
there are still gaps of knowledge in terms of their fabrication, e.g. localized growth, doping, 
heterostructure formation, growth mechanisms, scale-up, surface functionalization etc.  Also, 
taking account of the variability factor, e.g. surface quality, alloy ordering, Sn migration etc., 
in these alloy nanostructures, in-depth correlation of the optical, electrical and mechanical 
properties with the structural/morphological variables of the alloys are required.  Specifically, 
the electronic properties of Ge1-xSnx nanostructures have not been studied in detail.  For 
nanostructured MOSFET devices knowledge on device architecture, stability and the important 
transistor parameters (e.g. drive current (ION), off current (IOFF), ION/IOFF ratio, threshold 
voltage, subthreshold slope) is crucial.  Exploring the key parameters as a function of 
nanostructure dimension, crystal structure, alloy compositions, doping concentration, dopant 
distribution, gate architecture is also crucial to its successful implementation in large scale 
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applications. Specifically, the doping of Ge1-xSnx nanoscale materials need to be explored 
extensively for proper implementation of these materials in nanoelectronic devices. In this 
regard, in-situ method where the dopant atom is incorporated during the nanowire growth could 
play a crucial role as ex-situ doping methods (e.g. ion implantation, molecular-layer-doping 
etc.) are limited for Ge1-xSnx nanostructure due to the need of additional perturbation (e.g. rapid 
thermal annealing, laser annealing etc.). This additional processing may influence the Sn 
distribution in the Ge lattice by the surface or bulk segregation of Sn.  
 Parallel initiatives on improving the processing aspects with simulation analysis is crucial to 
achieve breakthrough results in future for Ge1-xSnx nanostructure electronic, optoelectronic and 
photonic devices. Also, another critical factor to investigate is the maximum process 
temperature from materials to device fabrication. This should be compatible with back-end-of-
line integration schemes in nano/optoelectronic chip production. Going forward, future focus 
could also be on the development of ternary nanoscale alloy materials in group IV regime to 
decouple strain and band-structure, like III-V quaternary semiconductors.
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Figure 1: Recent advances in Ge1-xSnx and increase in popularity.  (a) Timeline of historical 
Ge1-xSnx benchmarks including development on nanomaterials.  (b) Google Scholar results for 
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Figure 2: Schematic for microwave-assisted growth of Ge1-xSnx nanowires (x = 0.125 and TEM 
images to illustrate the structural features (Ge in purple; Sn in green).  (a) Describes the growth 
via homogeneous nucleation with diameter expansion and accumulation of Sn at the growth 
front.  (b) Represents the pre-nucleation of Ge1-xSnx nanowires by an additional heat treatment 
and nucleus formation via oriented attachment leading to a quickly settling nanowire diameter 
at the nucleation (I) stage.  The elongation (II) is a phase where the nanowire grows along its 
axis with a constant diameter due to constant Sn supply and consumption caused by 
incorporation in the Ge matrix.  The termination (III) includes shrinkage in nanowire diameter 
and the consumption of the tin growth seed.  Reprinted with permission from M. Seifner et 
al.22 Copyright (2015) American Chemical Society.
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Figure 3:  Investigation of the impact of growth kinetics on Sn incorporation in Ge1-xSnx 
nanowires.  (a) SEM image of x = 0.09 Ge1-xSnx nanowires, displaying negligible Sn clusters.  
(b) Energy dispersive X-ray (EDX) spectrum showing high Sn incorporation and the absence 
of Au or Ag impurities from the Au0.80Ag0.20 nanoparticle catalysts.  (c) and (d) display the 
relationship between growth kinetics and Sn incorporation; with the faster growth rate resulting 
in both longer nanowires and an increased Sn content.  Republished with permission of Royal 
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Figure 4: SEM images of Ge1-xSnx branched nanostructures.  The high yield of branched 
nanostructures with respect to conventional nanowires is apparent in (a), and the uniformity is 
clearly apparent in (b).  The presence of nanoparticle seeds on the branched nanowires is not 
clear in all cases (b), however nanoparticle seeds on the tips of the branched nanowires is 
clearly visible in (c).  The changing length of branched nanowires along the main nanowire 
trunk is observed in (d), with longer branches seen toward the end of the nanowire trunk and 
shorter branches closer to the nanowire tip.  The yellow lines are provided as a guides for the 
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Figure 5:  Growth schematic for core/shell nanowires at four different growth stages.  
Reprinted with permission from A. Meng et al.94 Copyright (2018) American Chemical 
Society.
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Figure 6:  Radial Sn incorporation in a Ge/Ge1-xSnx core-shell nanowire.  (a) EDX 
compositional map and (b) APT image showing the Ge/Ge0.87Sn0.13 core/shell structure.  A 
uniform Sn distribution is observed in the Ge1-xSnx shell along the NW growth axis, while no 
axial growth of Ge1-xSnx is present.  (c) and (d) Cross-sectional EDX compositional maps 
showing a ∼120 nm thick Ge1-xSnx shell, with enhanced Sn incorporation on the {112} side-
facets compared to the {110} facets.  The integrated tangential composition profile in the 
yellow rectangle provides an average Sn content of 13 ± 1 %, while the radial line-profile 
(white dashed arrow) is shown in (f).  (e) APT measurements showing the Ge core and the 
inner portion of the Ge1-xSnx shell.  The line-profile (dashed arrow) is shown in (f).  (f) Plot of 
the Sn content as a function of the distance along the radial direction for EDX and APT 
measurements.  After a 10 nm transition region from the Ge core into the Ge1-xSnx shell, the Sn 
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content gradually increases toward the outer portion of the shell.  The blue dashed line is the 
linear fit of the EDX profile.  Reprinted with permission from S. Assali et al.95 Copyright 
(2017) American Chemical Society.
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Figure 7: (a) Key steps in the process flow for fabrication of Ge1-xSnx undercut structures on 
sample B.  (b) SEM images of Ge1-xSnx microdisks fabricated on sample B using the process 
flow shown in (a).  Note that the Ge1-xSnx layer is only 30 nm thick.  (c) SEM image of 
suspended Ge1-xSnx nanowires.  Even though the length of the suspended region is greater than 
15 μm, the wires do not collapse onto the substrate.  These SEM images prove the high 
resistance of Ge1-xSnx to CF4 plasma etching.  Reprinted with permission from S. Gupta et al.105 
Copyright (2013) American Chemical Society.
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Figure 8: An Illustration of the synthesis of Ge1−xSnx alloy nanocrystals.  Fast chemical co-
reduction of precursor halides dissolved in oleylamine (OLA), followed by the growth of 
resulting alloy nuclei at 300 °C has been successfully utilised to produce homogeneous 
Ge1−xSnx nanoalloys.  Reprinted with permission from R. Esteves et al.109 Copyright (2015) 
American Chemical Society.
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Figure 9: (a) STEM image and (b) corresponding 4D STEM strain map of Ge/Ge0.96Sn0.04 
core/shell nanowires. (c) PL spectra of Ge/Ge0.96Sn0.04 core/shell nanowires. Reprinted from 
Meng et al. 98 Copyright (2019) with permission from Elsevier. 
(c)
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Figure 10: Diffuse reflectance spectra (converted to absorbance using the Kubelka−Munk 
(KM) remission function) of 3.6−4.3 nm Ge1-xSnx alloy nanocrystals as a function of Sn 
composition: x = 0.000 (spectrum 1), x = 0.033 (spectrum 2), x = 0.056 (spectrum 3), x = 0.077 
(spectrum 4), x = 0.088 (spectrum 5), x = 0.092 (spectrum 6), and x = 0.116 (spectrum 7).  
Reprinted with permission from R. Esteves et al.109 Copyright (2015) American Chemical 
Society.
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Figure 11: (a) Room temperature PL emissions from unintentionally doped GeSn samples with 
Sn compositions from 1% to 22.3%. Reprinted from Du et al.188 Copyright (2020) with 
permission from Elsevier. (b) Peak position of the maximum PL emission at room temperature 
for nanoscale materials. 
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Figure 12: Room-temperature solid-state PL spectra of the Ge1−xSnx alloy QDs with varying Sn 
compositions: (1) x = 1.5% (1.62 eV), (2) x = 1.9% (1.52 eV), (3) x = 2.7% (1.43 eV), (4) x = 3.4% 
(1.38 eV), (5) x = 4.2% (1.34 eV), and (6) x = 5.6% (1.31 eV) showing red shift. Republished with 
permission of Royal Society of Chemistry, from Tallapally et al 113; permission conveyed 
through Copyright Clearance Center, Inc.
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Figure 13: (a) Stacked GeSn n-MOSFETs device with O2 plasma passivation. (b) Electron 
mobility versus inversion charge (Ninv) shows high electron mobility of greater than 500 
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Figure 14: Ge1-xSnx microdisk lasers.  (Top) Fabrication of Ge1-xSnx microdisks, schematic 
representation of the fabrication flow and of 8 μm diameter Ge0.875Sn0.125 microdisks with the 
underlying Ge virtual substrate (VS) undercut by 3.6 μm.  (Bottom) Power and temperature 
dependence for different Sn contents.  (a) Temperature-dependent spectra of 8 μm diameter 
microdisks from samples A (x = 0.085) and B (x = 0.125) at 820 kW/cm2.  Light-in and light-
Page 64 of 81































































out curves at different temperatures for (b) sample B and (c) sample A.  Reprinted with 
permission from D. Stange et al.183 Copyright (2016) American Chemical Society.
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Figure 15:  Charge and discharge voltage profiles of a half cell using Ge0.95Sn0.05 nanocrystals 
for 1, 2, 10, 30, and 50 cycles tested between 0.01 and 1.5 V, at a rate of 0.1 C.  (b) Charge–
discharge capacity vs. cycle number for half cells of Ge (ref. 15), Ge0.95Sn0.05, Ge0.9Sn0.1, and 
Sn nanocrystals at a rate of 0.1 C.  (c) Cycling performance of Ge and Ge0.95Sn0.05 NCs as the 
rate is increased from 0.1 C to 5.0 C.  (d) Nyquist plots of Ge, Ge0.95Sn0.05, Ge0.9Sn0.1, and Sn 
nanocrystals.  Republished with permission of Royal Society of Chemistry, from Y. Cho et 
al.108; permission conveyed through Copyright Clearance Center, Inc.
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